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PROGRAM  SUMMARY 


This  long-standing  AFOSR^prograra  and  laboratory  (established 'in 
1954)  for  low-energy  x-ray  physics  and  technology  was  transferred  to  the 
Lawrence  Berkeley  Laboratory's  new  Center  for  X;jl^y  Optics  in  December, 
1984.  Ovex_£hg_past  three  years,  FY/85-87,  if^as  expanded  into  a  major 
program'^  the  CXR?J^ith  the  principal  objective  of  supporting  research 
and  application  programs  at  the  new  large  x-ray  source  facilities, 
particularly  the  high  temperature  plasma  and  synchrotron  radiation 
sources.  These  large  national  laboratory  facilities  have  opened  up 
important  opportunities  for  advancing  x-ray  physics  and  technology  and 
for  training~a ~grbup  of  new  young  x-ray  experimentalists.  ^This  program 
has  been  particularly  addressed  toi^the  development  of  absolute  x-ray 
diagnostics  for  the  fusion  energy  and  x-ray  laser  research  and 
development,  and  to  student  training  in  experimental  x-ray  physics. 

This  effort  has  also  the  supplemental  support  of  the  DOE  lead  national 
laboratories- -Los  Alamos  National  Laboratory,  Lawrence  Livermore 
National  Laboratory,  and  the  National  Laser  Users  Facility  at  the 
University  of  Rochester. 

' 

Our  new  LBL*’ laboratory  includes  five  specially  designed 
spectrographic  stations  for  the  measurement  of  x-rays  and  the  associated 
photoemissions  in  the  100-10,000  eV  region,  as  described  in  Appendix  1. 
Reprints,  preprints  and  technical  notes  on  the  recent  work  of  this  ^ 
program,  principally  those  on  the  development  of  absolute  x-ray  ^ 

spectrometry,  are  presented  in  Appendix  2.  A  listing  of  research 
publications  for  the  period  1975-1987  for  this  on-going  program  is 
presented  in  Appendix  3,  and  a  listing  of  the  citations  to  this  work  in 
the  recent  scientific  literature  (for  the  period  1980  to  early  1987)  is 
presented  in  Appendix  4. 

Beginning  in  FY/88  the  principal  investigator  for  this  program  will 
be  Eric  Gullikson  and  the  co-investigator  (consultant  and  adviser)  will 
be  the  present  PI,  Burton  Henke.  Eric  Gullikson  gained  his  initial 
training  in  this  experimental  x-ray  physics  laboratory  under  Professor 
Henke  during  his  Junior  and  Senior  years  in  an  Honors  program  in  physics 
at  the  University  of  Hawaii.  He  was  then  invited  as  a  summer  student 
assistant  to  help  establish  the  first  soft  x-ray  analysis  facility  at 


4 


the  LLNL  Plutonium  Laborato  y.  He  received  his  Ph.D  in  solid  state 

experimental  physics  under  ’rofessor  Schultz  at  UC-San  Diego,  and  he  has  I 

held  a  post-doctorate  position  at  the  Murray  Hill  AT&T  Laboratories  for  J 

the  past  two  and  a  half  years  under  Dr.  Mills.  Part  of  his  research  ^ 

effort  at  AT&T  has  been  on  £<n  investigation  of  the  x-ray  photon-counting 
efficiency  of  the  rare  gas  solids  and,  in  collaboration  with  this 

program,  on  a  similar  investigation  of  the  absolute  quantum  efficiency  I 

in  the  100-10,000  eV  range  of  the  "super  photocathodes",  solid  Ar  and 
Xe.  Eric  Gullikson  was  an  invited  speaker  at  the  March  1986  New  York 

APS  meeting.  He  is  now  an  LBL  Staff  Scientist  on  this  program.  His  ^ 

Curriculum  Vitae  is  attached  in  Appendix  5. 

With  the  continuity  and  on-going  success  of  this  program  assured 
under  Gullikson's  leadership  and  Henke's  advisory  role,  B.L.  Henke  will  ' 

begin  a  phased  retirement  on  October  1,  1987  and  will  begin  writing  a  | 

book  on  the  "Basic  Principles  and  Methods  of  Low-Energy  X-Ray  Physics  f 

and  Technology"  (which  will  be  based  in  large  part  on  his  thirty- three 
years  of  AFOSR- supported  research).  The  book  will  include  an  up-dated 
version  of  the  x-ray  photoabsorption  and  atomic  scattering  tables,  which 
originally  published  from  this  project  in  1982  (ADNDT,  Vol.  27),  along 
with  the  details  of  their  application  in  absolute  x-ray  spectrometry. 

It  is  felt  that  such  a  book  at  this  time  will  be  particularly  helpful  to  H 

the  many  new  young  x-ray  experimentalists  now  entering  this  rapidly 
expanding  field  of  new  applied  x-ray  physics. 
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LOW-ENERGY  X-RAY  PHYSICS  LABORATORY 
Cencer  for  X-Ray  Optics 
Lawrence  Berkeley  Laboratory 


(PHOTOS) 


Low -Energy  X-Ray  Physics  Laboratory 
Center  for  X-Ray  Optics 
Lawrence  Berkeley  Laboratory 


A  Aciniinisirjtive.  <lr»l{iny,  word  proctssmcj.  maouscnpi  |)i  coji  .iIiom  .  pi  ojcci 
library,  Clljlogs.  reprints. 

0.  Ofrice--OUH 

C  POP  I  1 2 ]  computer  experimental  d<la  handling,  plollmg,  libiary 
of  cJala  (lies,  programs,  conference. 

0  Electronics  construction  and  maintenance,  opticol  ond  electronic  measurement 
instruments;  supplies. 

E  Construction  of  molecular  multilayers  for  low-energy  x-ray  analyters,  thm 
film,  high  resolution  photoresists. 

1.  Flat  crystal  scanning  spectroscopy;  multilayer  characteriiation.  absolute 

crystal  reflectivity  measurements;  molecular  and  solid  state  spectroscopy. 

2.  Fixed  analyfer  spectroscopy;  absolute  calibration  of  elliptical  analysers. 

mirror  monochromators. 

3.  Curved  crystal  scanning,  high  sensitivity  spectroscopy;  evaluation  of 

position  sensitive  detectors;  "fast"  spectroscopy  for  time-resolved 
measurements,  radiation  damage  studies. 

•I.  High  sensitivity  electron  spectrograph  (20".  precision  hemispherical 

analyier):  XPS,  secondary  electron  energy  distributions  from  x-ray 
photocathodes. 

S.  Absolute  calibrated  x-ray  source  facility  (filtered  fluorescent  sources,  photon- 
counting  proportional  counter  monitor);  photocathode  quantum  yield 
measurements;  photoelectric  detector  and  photographic  film  calibration. 

(.  Vacuum  evaporation  and  sputtering,  fabrication  of  thin  films,  x-ray  mirrors, 
low/high  density  Csl  photocsthodes,  etc. 


APPENDIX  2  -  REPORTS  AND  TECHNICAL  NOTES  DESCRIBING  THE 
CURRENT  WORK  OF  THIS  PROGRAM 


1.  "Design  and  Charac Cer izacion  for  Absolute  X-Ray  Spectrometry  in  the 
100-10  000  eV  Region,"  X-Ray  Optics  and  Microanalys is  ,  University 
of  Western  Ontario  Press  (1986). 

2.  "A  Two-Channel,  Elliptical  Analyzer  Spectrograph  for  Absolute 
Time-Resolving/Time- Integrating  Spectrometry  of  Pulsed  X-Ray 
Sources  in  the  100-10,000  eV  Region"  (w/  P.A.  Jaanimagi) ,  Rev.  Sci. 
Instrum.  (Aug.  1985),  1537-52. 

3.  Technical  Notes:  "Filter-Mirror  Primary  Monochromators" 

4.  "Characterization  of  Multilayer  X-Ray  Analyzers  -  Models  and 
Measurements"  (w/  J.Y.  Uejio,  H.T.  Yamada,  and  R.E.  Tackaberry) , 
LflL-211003.  Opt.  Engin. .  Vol.  25.  No.  8  (Aug.  1986),  937-947. 

5.  Technical  Notes:  "Low  Energy  X-Ray  Multilayer  Analyzers: 

Molecular  and  Sputtered/Evaporated" 

6.  Technical  Notes:  "High  Energy  X-Pay  Response  of  Some  Useful 
Crystal  Analyzers" 

7.  Technical  Notes:  "The  Characterization  of  Transmission  Diffraction 
Gratings" 

8.  "Low-Energy  X-Ray  Response  of  Photographic  Films:  Part  I. 
Mathematical  Models"  (w/  S.L.  Kwok,  J.Y.  Uejio,  H.T.  Yamada  and 
G.C.  Young),  J.  Opt.  Soc.  Am.  (Dec.  1984),  1-29. 

9.  "Low-Energy  X-Ray  Response  of  Photographic  Films:  Parc  II. 
Experimental  Characterization"  (w/  F.G.  Fujiwara,  M.A.  Tester, 

C.H.  Dittraore  and  M.A.  Palmer),  J.  Opt.  Soc.  Am.  (Dec.  1984),  1-29. 

10.  "High  Energy  X-Ray  Response  of  Photographic  Films.  Models  and 
Measurements"  (w/  J.Y.  Uejio,  G.F.  Stone,  C.H.  Dittmore, 

F.G.  Fujiwara),  L.BL-21564,  J.  Opt.  Soc.  Am.  (Aug.  1986),  818-827. 

11.  Technical  Notes;  "The  Characterization  of  X-Ray  Photocathodes" 

12.  Technical  Notes;  "Low-Energy  Fluorescent  X-Ray  Spectroscopy  for 
Materials  Analysis" 

13.  "Temporal  Dependence  of  Che  Mass-Ablation  Rate  in 
UV-Laser- Irradiated  Spherical  Targets,"  P.A.  Jaanimagi  (w/ 

J  Deletcrez,  B.L.  Henke,  and  M.C.  Richardson),  LBL-20787,  Phys. 
Rev.  A,  Vol.  34,  No.  2  (Aug.  1986),  1322-1327. 

14.  Technical  Notes:  "A  Semi -Empirical  Description  of  the  Low-Energy 
X-Ray  Interactions  with  Condensed  Matter  -  Phocoabsorption, 
Scattering,  Specular  and  Bragg  Reflection" 


1.  DESIGN  AND  CHARACTERIZATION  FOR  ABSOLUTE  X-RAY 


SPECTROMETRY  IN  THE  100-10  000  eV  REGION 


X-Ray  Optics  and  Microanalysis 
University  of  Western  Ontario  Press 
(1987) 


Burton  L.  Henke 
Center  for  X-Ray  Optics 
University  of  California 
Lawrence  Berkeley  Laboratory 
1  Cyclotron  Road 
Berkeley,  California  94720 


ABSTRACT 

Reviewed  here  are  the  design  and  characterization  procedures  used 
in  our  program  for  developing  absolute  x-ray  spectrometry  in  the 
100-10  000  eV  region.  Described  are  the  selection  and  experimental 
calibration  of  the  x-ray  filters,  mirror  monochromators, 
crystal/raultilayer  analyzers,  and  the  photographic  (time  integrating) 
and  photoelectric  (time  resolving)  position-sensitive  detectors. 
Analytical  response  functions  have  been  derived  that  characterize  the 
energy  dependence  of  the  mirror  and  crysCal/multilayer  reflectivities 
and  of  the  photographic  film  and  photocathode  sensitivities.  These 
response  functions  permit  rapid,  small -computer  reduction  of  the 
experimental  spectra  to  absolute  spectra  (measured  in  photons  per 
stearadian  from  the  source  for  radiative  transitions  at  indicated  photon 
energies).  Our  x-ray  spectrographic  systems  are  being  applied  to  the 
diagnostics  of  pulsed,  high  temperature  plasma  sources  in  laser  fusion 
and  x-ray  laser  research 


I .  INTRODUCTION 


I 


There  is  a  considerable  present  need  for  the  development  of  efficient 
absolute  x-ray  spectrometry  for  the  cheracter ization  and  application  of 
the  new  high- intensity  synchrotron  and  high- temperature  plasma  radiation 
sources.  An  example  of  a  spectrographic  system  recently  developed  in 
this  laboratory  for  time- integrated  and  time-resolved  absolute 
spectrometry  in  the  100-10  000  eV  region^  is  described  in  Fig.  1.  Here 
the  X  radiation  from  a  small  source  is  line-imaged  at  a  scatter  aperture 
by  reflection  from  an  elliptically  curved  crystal/multilayer  analyzer 
and  then  proceeds  to  form  a  normally  incident  spectrum  along  a  detection 


t 
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1  rh«  apclCAl  g«o»«crx  of  ch«  «llipclcal  analycsr 
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circle.  The  Bragg  angle  range  of  the  spectrum  presented  by  the 
elliptical  analyzer  is  about  20-70*.  The  usually  intense  high  and  low 
energy  x-ray  background  radiation  from  the  synchrotron  and  plasma 
sources  is  effectively  reduced  by  the  band-pass  characteristic  of  a 
primary  monochromator  combination  of  a  mirror  and  filter.  To  obtain  the 
required  t ime - integrated  and  time  -  resolved  absolute  spectrometry,  twin 


( 


channels  ere  employed  using  both  position-sensitive  photographic  film 
and  streak  camera  detection  (Illustrated  in  Fig.  2).  This  instrument  ii 
now  being  applied  in  laser  fusion  and  x-ray  laser  research  using  the 
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Twin  Cimwa 
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laser-produced  plasma  source  of  the  OMEGA  facility  at  the  University  of 
Rochester  (utilizing  24  focussed  UV  laser  beams  of  about  2000  joules 
total  energy  of  3510  A  light  within  a  600  picosecond  Gaussian  pulse) . 
Presented  in  Figs.  3  and  4  are  examples  of  photographic  and  streak 
camera  spectra  obtained  with  this  spectrograph  on  OMEGA. ^ 
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Fift  >«  A  photograph  of  cht  x-ray  acraak  caaara  output  fur 
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Illustrated  In  Fig.  5  is  the  relationship  between  a  spectral  line 
distribution  of  photons  as  measured  at  the  detection  circle  and  the 
absolute  intensity,  ig,  of  the  source.  It  may  be  readily  derived’  that 
ig  is  given  by: 

i„  -  N(L/FMR(dx/d«))  (1) 


‘o" 


Fig  V  Ralacing  eha  abaeluca  adurea  Incanaicy, 
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cha  Bragf  raflacclon  angle 


where: 


ig  -  phocons/scearadian  emicced  ac  Che  source  for  a  given  radiaci  e 
cransicion  and  at  che  measured  photon  energy  of  the  spectral  line; 

N  -  che  total  number  of  photons  measured  within  che  spectral  line 
distribution  per  unit  length  of  che  spectral  line  (in  che  direction 
normal  to  che  plane  of  Fig.  5). 

L  •  che  constant  total  geometric  length  of  any  reflected  ray  from  che 
source  CO  che  detection  circle  (this  invariance  is  a  characteristic  of 
che  elliptical  focussing  geometry); 

F  -  filter  transmission; 

M  -  mirror  reflectivity; 

R  -  che  integrated  reflectivity  characteristic  of  che  crystal/ 
multilayer  reflection  measured  in  Bragg  angle  units;  and 

dx’/d^  -  che  ratio  of  che  differencial  angular  width,  dj^,  of  che 
radiation  from  che  source  to  che  associated  differencial  angular  width, 

,  of  Che  radiation  chat  is  Bragg  reflected  from  che  analyzer. 

Note;  The  response  function  (1)  applies  generally  for  any 
cylindrical  analyzer  geometry,  since  dx/df  can  be  given  as  an  analytical 
expression  characteristic  of  che  particular  cylindrical  analyzer 
geometry  that  is  generating  che  diffraction  line  profile,  whether  it  be 
convex,  concave  (e.g.  elliptical,  as  here)  oi  flat.* 

Efficient  absolute  x-ray  spectrometry  is  achieved  by  applying  che 
response  relationships^-^  to  che  measured  spectrum  (e.g.  via  a  small 
computer  associated  with  che  spectrographic  system)  to  immediately  yield 
che  absolute  intensity  spectrum  of  che  source.  The  individual  response 
functions  for  che  primary  mirror-filter  monochromator,  che  crystal/ 
multilayer  analyzer  and  for  che  position-sensitive  detectors  may  be 
derived  by  fitting  analytical  energy-dependent  model  relations  to 
calibrations  measured  at  a  few  photon  energies  chat  are  representative 
of  che  range  of  measurement. 

In  this  paper  we  review  our  procedures  for  establishing  the 
required  absolute  response  functions  and  present  typical  results  for 
applied  x-ray  spectroscopy  in  che  100-10,000  eV  region.  In  che 
Bibliography  are  listed  che  recent  reports  of  this  laboratory  (including 
chose  in  preparation)  which  describe  in  detail  these  characterization 
procedures  and  which  establish  the  co-authorship  of  students  and 
research  associates  for  each  particular  research  effort. 
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II.  SPECTROGRAPHIC  RESPONSE  CHAPACTERIZATION 
A.  CryscaLs/Hulctl«yers 

For  our  cryscal/mulcllayer  characcerizaclons  w«  obtain  absolute 
experimental  spectra  at  several  photon  energies  which  include  Che  small 
angle  ''total-reflection"  region,  the  first  order  diffraction  line  and 
any  higher  orders  that  may  be  allowed.  The  maasuremant  geometry  Is 
shown  in  Fig. 6.  A  narrow  beam  of  Incident  radiation  of  intensity, 
Igcos^,  defined  by  a  fine  silt  at  a  demountable  x-ray  tube  window  and  by 
a  razor  blade  placed  near  the  analyzer,  is  reflected  by  the 
cryscal/multilayer  to  a  gas-flow  proportional  counter,  where 
monochromatic  characteristic  line  x  radiation  from  the  source  is 
isolated  by  an  appropriate  filter  and  by  pulse-height  discrimination 


ri(.  t.  C««aatr)r  tut  (h*  ••••wtaaanc  crytcal/aultlUrar 
rcflMClvIcy.  Am  <urr««  tmieanc  s.rsy  k«aa  li 
1,  CM  t  tut  t«fl«cclm  chraugh  cha  altc,  1^7  la  (ha 
airact  baaa  tncanalcy  (has  la  Maa^tae  ac  *  •  0. 


with  Che  counter.  (Any  significant  contamination  background  radiation 
will  also  appear  in  Che  measured  spectrum  and  thereby  the  zero-angle 
incident  beam  can  be  corrected  to  yield  the  appropriate  characteristic 
line  intensity,  Ig/2.)*  The  spectrum  is  step -scanned  and  appears  first 
on  a  multichannel  analyzer  which  permits  reading  out  the  critical  angle 
for  total  reflection,  1^,  the  integrated  reflectivity,  R,  the 


exp«rini«ncal  FVHM,  and  peak  efficiency,  P  (defined  in  Fig.  7).  As 
discussed  in  Ref.  4,  che  measured  onset  of  the  total  reflection  region 
signals  an  accurate  goniometer  zero-angle  setting  and  che  corresponding 
value  of  lg/2.  The  critical  angle  for  "total  reflection,"  9^,  can  be 
used  to  yield  an  estimation  of  Che  analyzer's  surface  structure  and 
refractive  properties  (optical  constant,  5). 


fig.  7.  rtfl«cclon  and  fine  or4«r  Itagg 
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Ue  have  recently  developed  a  modification  of  che  dynamical 
Darwin-Prins  crystal  reflectivity  relation  to  extend  its  application  for 
che  low-energy  x-ray  region  and  for  reflection  by  multilayer  systems  of 
a  finite  number  of  layers,  N.  Our  analytical,  modified  Darvin-Prins 
model  relation  (HOP)  can  accurately  predict  che  small-angle  total 
reflection  characteristic  and  all  diffraction  orders  present  for  a  given 
photon  energy,  and  can  allow  che  spectrum  co  be  rapidly  presented  on  a 
small  computer  screen  and  plotter  (e.g.  with  che  IBM  PC  equipped  with  a 
FORTRAN  compiler).  The  derivation  of  this  HOP  analytical  model  is 
described  in  Refs.  ^  and  5  and  che  resulting  reflectivity  equations  are 
presented  below. 

As  described  in  Fig.  8,  che  small  fraction  of  che  incident 
amplitude  that  is  absorbed  and  reflected  by  a  single  layer  of  unit  cells 
of  the  crystal,  a  and  s  respectively,  can  be  expressed  in  terms  of  che 
complex  total  scattering  factor  per  unit  cell,  Fg(-  F,j  -»■  iFgj).  and  che 
structure  factor  of  che  unit  cell,  F(-  F^  +  iFj) .  Fg  is  equal  to  F  ac 
its  forward-angle  scattering  limit  (setting  f  -  0  in  F) .  In  che 
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Oarwin-Prlns  reflecclvicy  model  for  an  ideal,  seal* infinite  crystal 
(with  reflecting  planes  parallel  to  the  surface)  the  ratio  of  the  total 
amplitude  that  is  dynamically  reflected,  Sg,  to  that  incident,  Tg,  is 
given  by  the  expression: 


"  (i-z)  ♦  /(i-z)^  -  y‘  (2) 


where 


FP(2e) 

Fo 


(3) 


and  z  -  2’'''  sinQ  [sin9  -  (nA/2d)] 

roA^  Fo 


(4) 


Here  rg  is  Che  classical  electron  radius,  X  the  x-ray  wavelength,  d  the 
unic  cell  thickness  and  crystal  reflecting  plane  spacing,  and  V  the  unic 
cell  volume.  If  the  incident  radiation  is  polarized  (e.g.  synchrotron 


radlacion)  the  appropriate  value  of  Sg/Tg  is  obtained  by  setting  the 
polarization  factor,  P(29).  equal  to  unity  or  cos  29  (a  or  w  compor-nt' 
and  the  corresponding  intensity  ratio  for  this  polarized  component, 

I/Ig,  is  obtained  by  multiplying  Sg/Tg  given  by  (2)  by  its  complex 
conjugate.  (Note:  The  choice  of  plus  or  minus  sign  in  this  expression 
is  that  which  yields  a  value  for  I/Ig  that  is  less  chan  unity.)  For 
unpolarized  incident  x-radiation.  Che  reflected  intensity  ratio  is  given 
by  one-half  of  the  sum  of  the  two  polarized  components  (with  P(29)  equal 
to  unity  and  cos  29  respectively) . 

In  the  definition  of  the  parameter  z,  niA/2d  equals  sin  9g,  where  tfg 
identifies  an  angular  region  for  which  Sg/Tg  has  a  significant  value 
(i.e.  for  the  small  angle  total  reflection  region  m  -  0,  and  for  the 
first,  second  and  third  order  diffractions,  a-  1,2,3...,  as  given  by 
the  Bragg  equation) .  In  our  computer  program,  this  order  parameter  m, 
is  automatically  taken  as  the  integer  chat  is  nearest  the  value  of 
2d  sin  9/X,  thereby  permitting  a  continuous  plotting  of  Che  spectcua 
throughout  Che  entire  range  of  reflection  angles,  9. 

In  our  modified  Darwin- Pr ins  model  we  multiply  Che  expression  for 
Sg/Tg  in  (2)  for  Che  semi-infinite  crystal  by  a  factor  which  Chen  yields 
the  amplitude,  S„/Tg,  reflected  from  a  multilayer  of  a  finite  number  of 
Layers,  N,  given  by: 


2N 


where 


L  -  (S  /T  )^x 
o  o 


X  -  (-!)•  exp(-ij) 


(6) 


(5) 


and  fj  “  ± 


r  Ad  K 
o  o 

V  sin9 


/ 


y  -d-z) 


(7) 


(The  plus  or  minus  sign  in  n  is  chosen  so  chat  i':s  real  component  is 
positive . ) 


It  is  important  to  note  chat  in  order  to  obtain  this  relatively 
simple  analytical  description  for  x-ray  reflectivity,  it  was  necessary 
CO  assume  chat  the  fractional  amplitude  chat  is  absorbed  within  a  unit 
cell  layer,  o,  is  small  as  compared  with  unity.  It  can  be  easily  shown^ 
chat  this  condition  is  fulfilled  when  d  is  sufficiently  small  that  the 
angle  for  the  first  order  reflection,  is  greater  than  about  three 
times  the  critical  angle  for  total  reflection  from  the  analyzer,  9^  . 

(a  •  (x/2)(lg/sin  #x)*)  This  is  ustially  not  a  serious  limitation 
because  for  nearly  all  practical  applications  in  spectroscopic  analysis. 
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A  more  rigorous  solucicn  for  the  refleccivlcy  of  a  multilayer 
consisting  of  N  layer  pairs  of  a  heavy  and  light  element  (e.g.  a 
sputtered  tungsten- carbon  multilayer)  may  be  obtained  by  consecutively 
applying  the  E&M  Fresnel  reflection  equation  at  each  of  the  2N 
interfaces,  using  as  the  material  constants  the  refractive  indices, 
n(-  1  -  5  -  10)  descriptive  of  each  elementary  layer,  where: 


S 


P 


nf  , 


(8) 


(9) 


Here  n  is  the  no.  density  and  f^  and  fj  are  the  atomic  scattaring  factor 
components  for  the  element  (or  compound)  comprising  each  sub-layer.  In 
Fig.  9  we  have  plotted  the  total  reflection  region  and  the  first  three 
orders  of  reflection  for  a  tungsten-carbon  multilayer  (N  >  30,  2d  -  70  A 
and  with  the  tungsten  layer  of  0.4  d  thickness]  comparing  the  optical 
E&M  model^  (OEM)  (dashed  line)  and  our  modified  Oarvin-Prins  model 
(HOP).  As  may  be  noted,  the  results  are  essentially  identical. 


w .  C  N  •  30 


- MOP 

---OEM 
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It  was  noted  above  that  in  order  to  calculate  the 
crystal/multilayer  reflectivity  characteristics  using  the  HOP  model,  we 
only  need  to  specify  the  unit  cell  volume.  V.  and  its  complex  structure 
factor,  F  (-  Fj  iFj) .  The  total  scattering  factor  per  unit  cell, 

Fo(-  Foi  IFgj)  is  set  equal  to  F  with  4-0.  For  the  crystallographic 
case  in  which  the  unit  cell  is  comprised  of  a  collection  of  n^  atoms  of 


cype  Pi  of  aconlc  scaccering  factor  fp  (-  fp^  +  i-fpz)  ■  located  at 
position  2-  froa  a  plana  of  symaatry  of  tha  unit  cell  {z  is 
perpendicular  to  the  raflacting  planas),  the  structure  factor  components 
are  given  by  the  relations: 


Unz  sinQ' 


F,  -  E  X  f  ,cos( - ^ 

‘  p  p  pi  X* 


Attz  sinO* 

Fj  -  Ix  f  cos( - - ) 

*  p  p  p2  X' 


In  tha  casa  of  a  continuous  high  density  distribution  of  two 
elements  (or  compounds)  for  tha  sputtared/evaporated  multilayers,  the 
structure  factors  are  given  as  noted  in  Fig.  10  by; 


j  y  (nf  j^+n ' f  ' )cos(— y^inS ' )dz  (12) 

-d/2 

u  d/2 

^2  ”  J  y  (nf 2+n'f2*)cos(-n^in0')d2 
-d/2 

Here  n  and  n'  are  tha  no.  densities  of  tha  two  aleaants  at  position  z 
within  the  assumed  synaatric  unit  call  and  ■  is  tha  number  of  unit  cells 
per  unit  area  and  is  equal  to  (d/V) ,  where  V  is  tha  volume  of  tha  unit 
cell . 

(DENSELY  PACKED) 
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Our  MDP  model  predices  a.  refraccion  modified  angle,  $'  ,  and 
wavelength.  A'  within  the  crystal/multilayer,  consistent  with  Snell's 
Law,  and  correspondingly  it  predicts  a  shift  in  the  diffraction  peak 
position  from  that  angle  given  by  the  Bragg  relation,  mA  -  2d  sin  by 
an  amount  given  by  4/(sin  9^  cos  9^) .  The  refractive  index  decrement, 

5  ■  r5A*FQi/2irV  is  explicitly  independent  of  the  structure  factor,  F, 
while  the  intensity  of  the  diffracted  line  is  strongly  dependent  upon 
the  structure  factor,  F;  +  iF2,  as  defined  in  (10)  through  (13)  in  terms 
of  the  angle,  9‘  ,  and  wavelength.  A',  presented  to  each  unit  cell  within 
the  crystal/multilayer.  It  can  be  readily  shown  that  the  sin  9'/X- 
quantity  in  the  structure  factor  relations  can  be  expressed  in  the 
desired  9  and  X  variables  by  the  relation: 

sin  9‘/X'  «(sin0/A)/l - —  (14) 

sin^0 

(Note:  This  correction  only  applies  for  the  calculation  of  the  large 
angle  Bragg  diffractions  for  m  2  1  and  not  for  the  "total  reflection*  '' 
region  (m  -  0) . ) 

In  Fig.  11  and  in  Table  1  we  present  a  series  of  calculated 
integrated  reflectivity  curves,  R  vs  E(eV) ,  over  the  energy  range 
100-10  000  eV  for  those  crystal/multilayer  systems  that  are  amenable  to 
bending  to  the  elliptical  curvatures  required  for  the  spectrograph 
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Table  1.  Cryetal/eulcilayeri  having  IncegrateS  reflectivities  as  plotted  in  Fig.  II 
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described  In  che  Incroduccion.  In  Fig,  12  we  compere  Che  calculated  and 
Che  experimental  Incegracad  reflectivity  valuee  for  che  potass iun  acid 
phchallace  analyzer  (KAP)  using  both  che  Darwln-Prlns  and  che  mosaic 
models.^  Illustrated  here  Is  a  measured  sharp  reflectlvlcy  "spike"  at 
che  oxygen-K  absorption  edge  resulting  from  a  condensed'maccer  molecular 
orbital  resonance;  a  reminder  that  the  atomic  scattering  description 
0  used  here  can  apply  only  outside  Che  absorption  edge  threshold  regions 

where  scattering  may  be  considered  "atomic- like"  and  unaffected  by  che 
chemical  or  solid  state. 
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Finally,  In  Figs.  13  end  14,  we  present  e  comparison  of  che 
experlmencel  end  HDP  model  cherecterlzeclons  of  two  synthesized  large 
d-spaclng  multilayers,  a  Langmulr-Blodgett  lead  stearate  and  a  sputtered 
tungsten-carbon.*  For  our  modeling  of  che  U-C  analyzer  we  assumed  a 
linearly  varying  density  In  che  tungsten -carbon  transition  layer  (or 
equivalently,  an  Interface  roughness  layer^) . 
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Characterization  of  a  Sputtered  Tungstin- Carbon  Multiloyer 
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B.  Mirrors  and  Filters 
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For  opclaized  absolute  x-ray  spectroaatry  it  is  important  to 
suppress  the  low  and  high  energy  background  which  may  be  particularly 
intense  in  the  new  large  synchrotron  and  plasma  sources.  This  "extra” 
radiation  can  thermally  distort  the  analyzer  and  can  appear  in  the 
measured  spectrum  as  high-order  diffracted  or  diffuse  scattered 
background.  As  noted  earlier,  a  primary  monochromator  combining  the 
high-energy  cut-off  characteristic  of  a  small-angle  reflection  and  the 
low-energy  cut-off  characteristic  of  an  absorption  edge  filter  can 
provide  an  effective  suppression  of  this  "extra"  radiation.  The 
band-pass  characteristic  of  a  practical  mirror- filter  monochromator  is 
presented  in  FU-  16  for  a  30  mrad  reflection  from  an  aluminized  mirror 
and  for  transmission  through  a  300  pg/cm*  copper  foil. 

The  filter  transmission,  F,  is  readily  calculated  using  the  energy 
dependent  mass  absorption  coefficient,  And  the  mass  per  unit  area 
thickness,  m,  of  the  filter  material,  with  the  usual  relation: 


F  -  exp(-M®)  (15) 


Flf.  14.  Xh0  eh«r«c(*rl«cie  of  cho  oirror*f llcor 
cooklfuclon  of  o  )0  orod  rofloeclon  fro«  AluMlnu*  ond  crant- 
■lisiofi  through  o  )00  Coppor  foil. 
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Ic  can  ba  shown’  chac  che  Darwin-Prlns  ralacion  for  the 
seal -Infinite  crystal  can  accurately  represent  the  Fresnel  small-angle 
reflection  characteristic,  H,  by  setting  the  order  paraneter,  m,  In  the 
variable,  z,  equal  to  zero.  For  the  honogeneous  alrror,  the  unit  cell 
Is  simply  described  by  a  uniform  distribution  of  a  single  element  (or 
compound).  Alternatively,  the  two  Intensity  polarization  components  can 
bo  expressed  by  the  following  Fresnel  relations  for  the  relative 
intensities': 

For  the  Incident  E-vector  perpendicular  to  the  reflection  plane, 


4/>'(sin  0  -  p)‘  +  y* 

44'(sin  i  +  p)'  +  7'  (16) 


and  for  che  polarization  ratio, 
1,(9)  4p’(fi  -  cos  9  col  9)'  y’ 

—  II  m  —  I  -I  I  —  11 

/,(9)  4p'(p  +  cos  9  cot  9)  f  7’ 


(17) 


where  che  parameter,  p.  Is  given  by; 


p  -  (l/2){iin'  9  -  a  i-  ((sin'  •-«)'  +  7*1'^*}- 


(18) 


and  a  -  and  y  “  2fi 

The  optical  constants,  (  and  0.  are  given  In  terms  of  the  total 
scattering  factor  per  unit  volume,  nF,  by  (8)  and  (9).  (Again,  these 
model  calculations,  using  che  atomic  scattering  factors,  can  be 
accurately  applied  only  for  photon  energies  outside  che  absorption 
threshold  regions.) 

Presented  in  Fig.  17  are  comparisons  of  che  Fresnel  model 
prediction  and  che  experimental  measurement  of  che  mirror  reflectivity, 
H,  for  high  quality  surfaces  of  beryllium,  aluminum  and  fused  quartz* 
measured  by  the  procedure  outlined  above  (see  Fig.  6). 


•muoui. 


Fl(-  W  CoapACln^  Pfttn«l  iMll'angl*  rtfltetlon  eurvti 
vlch  •ip«rlMnc«l  M«iurtMnc  froa  high  quallcy  aUror 
iurfacas  af  Mryillua.  Aluatnua  and  Pu««d  Quartz. 


C.  Phocographic  Filas 

0«scrib«d  in  Fig.  18  is  our  Mthod  for  OMssurlng  cho  opclcal 
dens  icy,  D,  vs  absoluce  exposure,  I,  response  of  a  phocographic  film.  A 
charaecarlscie  line  speccrua  froa  a  filtered  x-ray  source  is  scanned 
along  cho  dececcion  circle  of  an  ellipcical  analyzer  by  a  proporcional 
counter  to  yield  Che  absolute  peak  intensity  for  each  lino  in  photons 
per  Ma^'Sec.  Then  a  photographic  caaera  is  introduced  with  its  35  obi 
fila  transported  along  the  saae  dececcion  circle,  and  a  series  of 
exposures  are  taken  at  known  exposure  ciaes.  The  fila  is  processed  by  a 
controlled,  standard  procedure  and  aicrodensicoaecerad  spectra  are 
obtained,  as  shown  in  Fig.  18.  The  slits  on  the  proporcional  counter 
and  on  the  aicrodensitoaeter  are  aacched,  and  have  widths  chat  are  saall 
coapared  to  the  inscruaenc-broadened  diffraction  lines.  Plots  of 
density,  D,  vs  Exposure,  Kphotons/pa^)  for  corresponding  peaks  yield 
the  O-I  calibration  curves  shown  in  Fig.  19  for  recently  collected  data 
on  the  high  energy  x-ray  filas,  Kodak  SB-392  (single  eaulsion)  and  DEF 
(double  eaulsion).  This  procedure  is  operationally  identical,  but  the 
reverse  of  chat  which  is  used  Co  daceraine  an  absoluce  exposure  froa  a 
measured  density. 
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atainam  rt«  tc»«  o*  c.-l  wcttun  an 
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ri(.  II.  (lluatraclni  eha  MChad  far  at«aca|caat<Lc  ftla 
ealihtaclan.  Aa  alllfclcat  anal^aar  la  iiaa4  ca  ^taaa  aH*' 
era  a(  cIm  laalral  yttacan  soarglaa  alang  a  4acactlan  etccla. 
TIm  abaaluca  lacaaalty  agaatna  ta  4ataralna4  vlch  a  gaa 
flaa  gtagactlaikal  caiacar  with  gialaa  halghc  llaarlalnaclan 
ani  a  aarlaa  a(  gkacagragtita  aagaaairaa  ata  chaa  aala.  TIm 
ghacagraghlc  agaatra  ara  8iara«aaialcaaacara«  aleh  a  allc 
ahlah  aacahaa  chat  mi  cha  gragartlanai  aaiatcar  aal  mi  allth 
chat  la  aaall  aa  ai^aral  alth  tkat  a(  eha  tnaenaanc- 
hraalanal  llffraatlaa  llaaa.  AC  earraaganAlng  Una  gaaka, 
agaaiilar  AanalCf  aaluaa,  D.  ara  aaogaraa  wltli  akaaluca  aaga* 
•ttca  aaluaa  Kghacaaa/ia')  ca  ylalA  tha  B>I  callktatlan 
auraaa.  Tkla  aallkraclaa  graaaAura  la  agaraclanallf  tlallat 
ca  chac  uaal  (In  ravaraa)  tmr  cha  Aacaralnaclan  a(  abaaluca 
aagaauraa  Iraa  alcraganalcaancaraA  agaacra. 


fig.  19.  Caaaglaa  of  SgaeuLar  Danalcjr.  0  va  Capaaura. 
Ughacana/aa*)  eurvaa  far  KaAak'a  alngla  aaulalan  SI- 192  and 
daubla-anailalan  DCf  a-ray  (llaa.  TiMaa  aagaclaancal  daca 
aca  aaagarad  ulch  cha  gradlcctana  a(  aur  anatgy-  dapandanc 
aadal  raapanaa  aguaclana  (21)  and  (22) 


Th«  SBooth  curves  shovm  In  Fig.  19  which  fit  che  experimcntel  dace 
are  D-I  curves  obcained  from  our  analytical  photographic  film  response 
model  relations.  The  model  relations  are  functions  of  the  exposure, 
I(photons/um*) ,  photon  energy.  E(«V)  and  the  angle  of  incidence,  e,  and 
require  only  two  fitting  parameters,  a  and 

The  general  model  description  is  shown  in  Fig.  20.  The  x  radiation 
that  reaches  a  layer  of  silver  bromide  grains  at  depth  x  (distributed 
within  gelatin)  is  equal  to  that  incident  at  angle  #,  less  the  fraction 
absorbed  by  the  protective  supercoat  and  by  the  heterogeneous 
grain-gelatin  emulsion  above  che  layer.  It  follows  chat  che  probability 
for  a  photon  absorption  within  a  AgBr  grain  can  be  expressed  as  a 
function  of  the  geometric  grain  cross  section,  a,  che  grain  diameter,  d, 
che  supercoat  thickness,  t,  and  che  energy -dependent  linear  absorption 
coefficients,  pg  and  p' ,  for  Agfir,  gelatin  and  the  heterogeneous 
emulsion,  respectively.  It  is  further  assumed  for  the  100-10  000  eV 
region  of  interest  here  chat  (1)  Che  photon  energies  are  sufficiently 
high  chat  only  one  photon  is  required  to  render  a  grain  developable  and 
(2)  chat  these  energies  are  sufficiently  low  chat  che  photoelectrona 
generated  in  che  gelatin  do  not  have  sufficient  range  or  energy  to 
render  additional  unexposed  grains  developable.  Ue  list  here  che 
"universal"  model  relations  chat  have  been  derived  from  such  general 
modal  assumptions 

For  a  monolayer  of  AgBr  grains  with  no  supercoat  (designed  for  EUV  and 
low  energy  x-rays  as  che  Kodak  lOl) : 


0 -«i|l -csp(-6i^,/)|  (19) 


For  a  chick  emulsion  (totally  absorbing); 


-o  Ind +6d/).  (20) 


Flf.  20.  TYm  lur  ^  wichiit  a 

Afilr  |r«ln  *2  crM*  0.  a(  x  wiciiin  iin* 

dm*  ^  >’w  tv  .1  liMw'l  ion  aI  I  iw*  >>,1.410 

4*  ilM  (lilehfwtA.  i.  ettw 

llMar  akwrpclMi  cMfricUnc*.  n,  •>  cIm  (u^ccmc.  »,  af 
«flr  wW  »'  ml  tiM  lMC«r*(«Maua  Multtaa. -far  an  aaaaauca. 
Hfhmtmmm  par  unit  araa)  (ran  niracctan.  «.  Ochat  aaaal 
aaaunpclana  ara  (1)  (ar  cka  100-10  000  aV  phacan  anarpy 
raglan  a(  (maraac  hara.  anlp  ana  pkatan  akaarpetan  ii 
rao«lra4  ca  ranOar  a  grain  Onaalapakla  anO  (1)  cha  craai 
•aatlan,  a.  It  InSapanOtnc  a(  cha  ptwtan  anargp. 


For  a  Chin  partially  absorbing  emulsion  of  chickness  T: 


aD  >  a  In 


I  *blil 

I  bdl  5) 


And,  finally,  for  a  double-emulsion  film  on  a  plasclc  base  of  chickness, 

C|,  and  linear  absorption  coefficienc, 

®  l+b6lexp(  (-p'T)/sin91  ^  4+bBIexpI  (-u.  c. -2u'T)/sinei  ^  *  (22) 

D  D 


In  these  expressions  Che  factors:  0i,  a  and  fi  vield  the  dependence  upon 
photon  energy,  E(eV)  and  the  angle  of  incidence.  I,  and  are  given  in 
Refs.  9,  10  and  11. 

Having  deternined  the  fitting  parameters,  a  and  b,  by  least  squares 
fitting  CO  D-l  data  at  a  few  representative  photon  energies,  the 
complete  energy  response  may  then  be  accurately  predicted.  These 
semi-empirical  relations  can  then  be  used,  for  example,  to  derive  the 
absolute  film  sensitivity  curves  as  shown  in  Fig.  21.  Here,  sensitivity 
S  is  defined  as  the  reciprocal  of  the  exposure,  Kphotons/^im^)  which  is 
required  wO  produce  a  specular  density,  0.  of  0.5. 

X-Roy  Film  Sensitivily 


ri,  21.  CMparlnj  th*  (lla  tanticlvltlat  l«  ch*  100*10  000 
•V  far  tha  Ka4ak  (llaa.  lOt  (ayprotiaacaly  «  eona* 
layar  at  AgOt  gralaa  alchauc  •uparcaac).  cha  tinglt  twilaion 
ftlM,  IAS  2A02  anS  St  SOI  an*  cha  tauhla  aaulttan  (ila  3tT 
Hara  aaaalttatcjr.  S,  la  daflnat  aa  cha  racipracal  of  cha 
aapaaara,  Kphacana/aaf)  cagulcaa  ca  ganaraca  a  ipacular 
tamlty  aC  O.S. 


0.  Phococachodes 


The  posicion  sensitive  photoelectric  detectors  that  are  applied 
x-ray  spectroscopy  include  arrays  of  discrete  x-ray  diodes,  x-ray  streak 
cameras  (as  described  above)  and  the  multichannel  plate  amplifier 
detection  systems,  all  of  which  utilize  the  basic  photocathode  element 
to  convert  the  x-ray  photon  intensity  to  an  elactronic  current  by 
photoemission  The  energy  distribution  of  the  emitted  electrons  from 
either  a  front  or  back  surface  (transmission)  photocathode  is 
illustrated  in  Fig.  22.  Typically  most  of  the  electrons  are  emitted  as 
secondary  electrons  in  the  0-10  eV  region  and  only  a  few  percent  or  less 
escape  elastically  through  the  photocathode  surface  as  the  original 
higher  energy  primary  photoelectrons  and  Auger  electrons.  In  the 


fl|.  22.  0«scrlblft(  ch«  «l«ccron  «n«rty  dtfcrlbutl«ft  due 
(t  ffM  phaCM«ch*d« .  Only  «  tMlI 

•£  •Uccrnna  «r«  ««lcc«4  «t  •Uiclcnlly 
hl|h  AnArfy  ^hnCMlbccrnnj  4nd  A«»4«r  altccrnni.  N«iC  nf  chn 
•  Ucernn  It  within  t  t«c«nd«ry  4i«crihii* 

cltn  In  th«  O'lO  «V  rtfinn  tn4  Minaurt#  by  cha  ^hatncach- 
odt't  eharncctf  dele  yl«l4.  T  (tltccrant/^Katan) . 


picosecond  time- resolving  daceecors  (e.g.  Che  x-ray  screak  canara)  che 
primaries  are  rejeecad  and  Che  higher  energy  secondaries  arrive  ac  che 
end  of  che  screak  eaaera  sooner  Chen  che  slower  secondaries  cheroby 
setting  a  linic  on  Che  ciae  resolucion.  For  exaople,  for  che  relaCively 
sharp  energy  discribucion  widch  of  about  1.5  eV  characceriscic  of  a  Csl 
phococachode ,  and  for  che  accelerating  fields  within  che  typical  screak 
camera,  an  intrinsic  ciae  resolucion  of  about  two  picoseconds  may  be 
expected.  The  cocal  number  of  electrons  within  this  secondary  electron 
discribucion  is  decemlned  by  che  phococechode ' s  quantum  yield,  Y,  which 
is  che  number  of  electrons  eaicced  per  normally  incident  photon  for  che 
front  surface  phococachode.  As  suggested  in  Fig.  23  (for  front  surface 
operaclon) ,  che  phocoeaission  yield  for  x-rays  is  characceriscically  low 
because  most  of  che  initial  primary  electrons  and  subsequencly  generated 
secondary  electrons  are  deposited  deeply  within  che  phococachode, 
outside  che  escape  depth  region.  The  fraction  of  che  incident  intensity 
chat  is  phocoabsorbed  within  this  escape  depth  is  given  by  che  linear 


Yj  -*  E/x(E)/3Xs 
E  -  photon  energy 

^(E)^  -  lineor  x-roy 
absorption  coef. 

X,  •  secondory  electron 
escape  depth 


rig.  Tha  MMrgy  dagandanc  i-ray  ghacacaclMda  guancua 
ytald.  Y,  U  yrayattlanal  ta  cha  fracclan  at  thm  naraally 
Incldanc  yhacana  chat  ara  akaarWd  wlchln  cha  asaaga  dagch 
raglaa  (l.a.  ca  Cha  llnaar  abaargctaa  caafftcatnc,  a#  ctaaa 
cha  aacaga  dagch.  t,>  and  ca  cha  ma^r  af  aaaandary 
alaccrana  ganaracad  by  a  ghacaa  ahaargctan  (ahlah  la 
pragarclanal  ca  cha  ghacan  anatgy,  (,  alnaa  cha  ahaga  at  cha 
lacandaiy  alaecran  anargy  dlacrlbucian  ta  tndagandanc  af  cha 
ph«c«A  •n«r|y). 


absorpcion  coefflcienc,  ftp  mulciplled  by  che  escape  depch,  X,.  Because 
Che  shape  of  Che  secondary  electron  dlscrlbuclon  is  daCemined  by  che 
surface  electronic  scace  of  che  phocoeachode  and  does  not  depend  upon 
che  exciting  photon's  energy,  E,  it  follows  that  che  total  number  of 
emitted  electrons  should  be  proportional  to  E  as  well.^^  Therefore,  in 
our  modeling  of  Che  x-ray  phocoeachode  we  escablfsh  Che  photon  energy 
dependence  of  che  quantum  yield  to  be  given  by: 

Y  -  Et*(E)pX,  (23) 

In  Ref.  12  we  describe  our  method  and  inscrunentatlon  for  che  absolute 
measurement  of  phocoeachode  quantum  yields  in  che  photon  energy  region 
of  100-10  000  eV.  Examples  of  these  measurements  for  che  gold  and 
cesium  iodide  photocathodes  are  presented  here  in  FU-  lU.  As  can  be 
seen  by  che  superposition  of  Ep(E)  curve  on  che  plot  of  data,  Eti(E) 
Indeed  follows  che  experimental  phocoeachode  enec^  dependence  as 
suggested  by  (23).  The  considerably  increased  quintum  yield  of  che 
cesium  iodide  phocoeachode  (by  a  factor  of  about  ten)  is  mostly  che 
result  of , che  larger  escape  depch  X,  %rhieh  is  determined  by  che  longer 
mean  free  path  of  che  secondary  electrons  within  this  insulator 
(elec cron- phonon  interaction  length)  as  compared  to  that  for  che  metal 
phocoeachode  (electron-electron  interaction  length) . 


III.  X-RAY  INTERACTION  COEFFICIENTS 


In  Sec.  II  we  have  summarized  our  developments  of  efficient, 
analytic  speccrographic  response  functions  based  upon  che  description  of 
x-ray  absorpcion,  reflection  and  diffraction  using  Che  photon 
energy -dependent  fundamental  parameters,  che  atomic  photoabsorpeion 
cross  sections  and  che  atomic  scattering  factors.  Ue  have  demonstrated 


Flf.  24.  Cjuafl«i  vf  M4sur«4  fhococtchod*  frQne  turfAca 
yl«Ltf.  Y  (•IcccronA/phocon)  vt  ph«e«n  «n«r^.  C(«V)  for  (A) 
«  300  A  Au  filA  an4  (I)  «  3000  A  e«tl<ia  toditfo  flla  T>>« 
•nargy  dapandanco  aapraatod  In  fig.  23  la  doaorxaeracod  horo 
by  cha  auparpaalclan  af  tiM  C  a(C)  curvoa  on  choao  log- log 
placa.  Tha  eanaldarably  hlghar  ylalda  shovn  hart  for  cho 
Cat  phacacaehada  la  pradUead  In  awr  aedol  by  cha  face  cKae 
cha  aacapa  dapeh  for  Cal  (alaecron-phonon  Incoraccion 
langch)  la  ahauc  can  claaa  clue  af  Au  (aloccron>ol«ecron 
Intaracclan  langch) . 


chac  our  analytical  modlfiad  Oarvln>Prlna  (HOP)  modal  for  mirror  and 
multilayer  reflection  is  generally  more  efficient  end  yields  results 
chac  are  essentially  identical  to  chose  obtained  with  Che  optical  E&H 
model  using  the  macroscopic  material  constants,  6  and  fi.  With  eicher 
cheorecical  approach,  the  material  properties  can  be  derived  from  che 
acomic  scattering  factors  for  che  photon  energies  outside  che  absorption 
threshold  regions  where  cha  photon  interactions  wichin  condensed  macter 
may  be  considered  to  be  with  essentially  free  atoms.  To  facilitate 
accurate  and  detailed  calculations  of  Che  model  descriptions  presented 
in  Sec.  II,  we  have  established  phocoabsorption  and  atomic  seattaring 
factor  cables  for  94  elements  wichin  che  100-10  000  aV  region. 

A  brief  review  of  this  work  is  presented  here. 

Ue  define  che  acomic  scattering  factor,  f  (-  f^  if])  in  Fig.  25 
and  have  calculated  che  atomic  scattering  factors  using  che 
Kramers -Kronig  dispersion  relations  b«sed  upon  our  compilations  of 
expsrimencal/cheoracical  phocoabsorption  cross  sections.  These 
relations  are: 


f,  -  Z  +  C 


f  *  «*<!.(« )d« 

J. 


f*  - 


(24) 


(l/2)rC£M.(£). 


(25) 


X  »  ATOMIC  diameter 


zu 


single  electron  y  ATOMIC 
SCATTERING  amplitude  ^  SCATTERING  FACTOR 


6(S.x)  -[£o{-^>P<2fl)]  (f,(X)fif2(X)) 


f'ti  2)  tcACcarlng  by  «n  jco« 

A«#t(cu4«  acaccAfta  My  h«  a«gcrtb«4  by  «n  RCotic  twrfCC«rin|< 
i,  •  il|.  «ulclfll«4  tiy  Ch«  ASfUcudtt  chac  would  bo 
•coccorod  by  o  olnglo  T^MMonltn  oloccron  in  cho  oom 
o>ro41«cl«a  field.  Horo  r,  lo  cho  clottieol  oloccron 
rodlud;  t  cho  rodiol  dlsconco  co  cho  yolnc  of  MOiuroaonc. 
oad  f(2#)  If  Clio  yolfricfclon  f«ecor  choc  i«  o^uol  co  unlcy 
or  cos  21.  dofOEtdlng  yfoa  whochor  cho  lacidon«.  oloccrlc 
woocor  (of  Bognicudo  f,)  lo  yorfortdleulor  or  porcilol  co  cho 
floM  of  ftooceorlng.  for  cho  towonorgj  s*roy  rogion  for 

which  cho  wowolongchs  oro  lorgo  eoagorod  with  cho  ocoaic 
dlBonslons.  cho  acoccorlng  of  ooch  ocooic  oloccron  oc  ony 
oaglo  Li  wlch  cho  tooo  phsao  ot  for  cho  forvord  dlroccion 
Tho  ocoBlc  fcoccorlflg  faccor  la  chua  Indopondonc  of  the 
angio  of  acoccorlng.  2# 


whtrt  E  is  cha  phocon  anargy,  C  -  (ffrghc)*^.  tg  la  Cha  classical 
alaccron  radius,  h  is  Planck's  conscanc,  and  c  is  Cha  spaad  of  lighc. 
Tha  acomic  absorption  cross  saccion,  1*  ralacad  Co  cha  aass 
absorpeion  coafficianc  ^(cmVgn).  by; 


P,  -  Am/No  (26) 

where  A  is  che  aconic  waighc  and  Ng  is  Avogadro's  Nuabar.  In  our 
numerical  incagracions  for  cha  valuas  of  f^  in  (24)  ic  was  considarad 
sufficianc  co  caka  cha  incagracion  ranga  on  c  froa  30  aV  co  85  kaV, 
using  "scaca  of  cha  arc”  valuas  for  m(E)  co  obtain  cho  raquirod  m, 
values . 

For  cha  highar  phocon  anorgias  whara  cha  vavalsngch  baconas 
comparabla  Co  cha  diaansions  of  Cha  acoa,  cha  individual  acoaic 
cleccrons  aay  not  ba  scaccaring  in  phasa,  and  cha  acoaic  scaccoring 
faccor  will  be  reduced  by  cha  efface  of  Cha  incarfaranca  of  chase 
eleccronic  scaccaring  eoaponancs.  For  cha  forward  scaccaring  csss  (a.g. 
in  small  angle  raflaccion),  and  wichin  Cha  ancira  100-10  000  aV  region 
of  incarasc  hare, all  acoaic  aleccrons  are  scaccaring  assancially  in 
phase  and  Cha  acoaic  scaccaring  faccor,  f|,  given  by  (24)  needs  no 
corraccion.  Howavar,  ic  can  ba  shotm  chac  for  cha  larger  angles  of 
scaccaring  cha  value  of  f^  given  by  (24)  should  ba  corracced  by 
replacing  cha  acoaic  nuabar,  Z,  by  cha  angle -dapandanc  fora  faccor,  fg, 
for  che  given  acoa.  (In  Raf.  14  wa  lisc  cha  sources  for  cha  cabulacad 
form  faccors  for  all  alaaancs  and  various  charge  scacas.)  Thus  cha 
aconic  scaccaring  faccor  for  cha  larger  angles  of  scaccaring  (a.g.  for 
Bragg  diffraccion)  may  ba  more  accuracaly  given  as: 

i 

f  -  fj  ■  Af  ♦  ifj  (27) 


where 


Af  -  Z  -  fg. 


(28) 


In  Fig.  26  wc  have  plotted  the  modulu*',  J  (fj*  +  .  of  the 

atomic  scattering  factor  for  neon  (2  -  10)  calculated  as  describe  .  aoovc 
for  the  two  scttering  angles.  0*  and  180*.  Also  plotted  here  are 
modulus  values  based  upon  nearly  exact  S-Matrix  theoretical  calculations 
(via  a  very  expensive  computer  program)  by  Pratt,  et  al.  As  shown  in 
Fig.  26.  for  most  practical  purposes  the  relatively  simple 
Kramers 'Kronig  model  and  the  simple  form  factor  correction  given  above 
are  sufficiently  accurate. 
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Finally,  Fig.  27  (taken  from  our  cross  section  tables^*)  presents 
plots  of  the  atomic  scattering  factor  components,  f^  and  fj,  for 
Aluminum,  illustrating  in  fj  the  strong  anomolous  dispersion  throughout 
this  photon  energy  region  and  in  f2  a  comparison  of  our  fit  curve  with 
data  calculated  directly  from  typical  experimental  measurements  of  m 


using  (25)  and  (26) . 


fig.  27.  tsMgUa  •(  gUti  cHo  acmIc  teactArlng  fteCAr 
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44C4  agflylng  ralacians  <2))  and  (2ft). 
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Two-channel,  elliptical  analyzer  spectrograph  for  absolute,  time-resolving 
time-integrating  spectrometry  of  pulsed  x-ray  sources  in  the  100>10  000-eV 
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A  new  spectrographic  system  has  been  developed  and  calibrated  in  this  laboratory  for  the  absolute 
spectrometry  of  high-intensity  pulsed  x-ray  sources  in  the  100-10  000-eV  region.  This  spectral  region  is 
analyzed  with  fixed  elliptically  curved  crystals  and  molecular  or  sputtered-or-evaporated  multilayers  of 
2d  values  in  the  3-160-A  range.  Twin  channels  are  utilized  for  simultaneous  time-integrated 
photographic  recording  and  for  time-resolved  x-ray  streak  camera  recording.  Absolute  calibrations  of  the 
elliptical  analyzers,  of  the  photographic  film,  and  of  the  gold  and  Csl  transmission  photocathodes  have 
been  made  using  monoenergetic,  cw  laboratory  x-ray  sources.  The  overall  transmission  characteristics  of 
the  spectrograph  have  also  been  determined.  The  instrument  has  been  designed  for  mounting  through  a 
pneumatically  controlled  high-vacuum  valve  onto  a  4-in.  port  of  a  1-m-diameter  source  chamber  and 
includes  an  appendage,  high-vacuum,  sputter-ion  prepumping  station.  The  initial  dynamic  testing  and 
application  of  this  new  spectrographic  system  has  been  on  the  University  of  Rochester’s  LLE  24  laser 
beam  OMEGA  source  facility. 


INTRODUCTION 

There  is  a  considerable  need  at  this  time  for  absolute  time- 
resolved/time-integrated  spectrometry  of  high-intensity, 
pulsed  x-ray  sources  in  the  100-10  OOO-eV  photon  energy 
region.  Typically  these  sources  are  the  high-temperature 
plasmas  as  involved,  for  example,  in  fusion  energy  and  x-ray 
laser  research  and  in  materials  excited  by  the  large  synchro¬ 
tron  radiation  facilities.  The  spatial  extents  of  the  sources  to 
be  measured  (or  imaged)  usually  subtend  a  relatively  small 
angle  at  the  spectrograph.  The  pulse  structure  to  be  analyzed 
requires  time  resolution  in  usually  the  picosecond  to  micro¬ 
second  range.  We  describe  here  an  instrument  that  can  ac¬ 
complish  this  type  of  spectrometry  that  has  been  constructed 
and  cw-source  calibrated  in  this  laboratory  and  is  now  being 
applied  to  the  diagnostics  of  laser-produced  plasmas  with 
the  OMEGA  facility  at  the  Laboratory  for  Laser  Energetics, 
University  of  Rochester. 

In  preparation  for  this  type  of  x-ray  spectrograph  devel¬ 
opment  we  have  recently  completed  some  basic  studies  in 
low-energy  x-ray  spectrometry  as  repoited  in  Refs.  1-9. 

In  Ref.  1  we  discu'is  the  geometrical  and  physical  x-ray 
optics  for  fixed,  Bragg  reflecting  analyzers  for  pulsed  source 
spectroscopy.  This  study  led  to  the  choice  of  elliptically 
curved,  fixed  Bragg  crystals  or  multilavers  for  the  analyzing 
element  (see  Fig.  1).  Some  of  the  adva  tages  of  this  type  of 
dispersive  geometry  may  be  summari?  d  as  follows: 

(a)  With  the  source  at  one  focal  point  for  the  given  ellipti¬ 
cal  geometry,  all  reflected  radiation  passes  through  the  sec¬ 
ond  focal  point  where  an  effective  scatter  aperture  may  be 
located  and  at  which  is  the  geometric  center  for  a  normal- 
incidence  detection  circle  along  which  photographic  or  elec¬ 
tronic  position-sensitive  detection  may  be  effectively  ap¬ 
plied. 

(b)  Small  bandpass  and/or  low-energy  cut-off  filter  foils 


may  be  mounted  across  this  scatter  aperture.  High-energy 
cut-off  mirror  monochromators  may  be  easily  introduced 
between  the  elliptical  analyzer  and  the  source  (as  shown  in 
Fig.  1). 

(c)  As  described  in  Ref.  1,  spectroscopy  with  spatial  re¬ 
solution  for  linear  or  two-dimensional  source  disfibutions 
may  be  accomplished  by  using  slits  or  curved  focusing  mir¬ 
ror  monochromators  with  the  elliptical  analyzers. 

(d)  This  elliptical  geometry  yields  a  relatively  simple  an¬ 
alytical  spectrometer  transmission  function  for  absolute 
photometric  analysis  along  the  detection  circle  (as  discussed 
in  Ref  1). 

In  the  design  of  the  present  instrument  it  was  considered 
important  to  be  able  to  measure  simultaneously  the  spec¬ 
trum  of  a  subnanosecond  source  with  time  integration  and 
with  time  resolution  in  the  10-ps  range.  To  accomplish  this, 
two  identical  elliptical  analyzer  channels  were  utilized,  one 
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Fio.  I.  The  optical  geometry  of  elliptical  analyzer  spectrograph.  (The  ellip¬ 
tical  analyzer  is  mountetl  so  as  to  permit  small  rotations  about  the  AA  '  and 
BB  ‘  axes  for  alignment.) 
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.1  plh'ii'cr.ip.'ik  ::iin  ..nrji.i  .hkI  ihi.-  oihcr  in  .1  spcciallN 
developed,  long  eniraiiLt;  ^llt  \-ray  streak  camera.  This 
streak  camera,  photographic  camera  elliptical  analyzer  x- 
ray  spectrograph  will  be  referred  to  as  the  SPEAXS  system. 

Presented  in  Sec.  I  is  a  description  of  the  basic  design 
features  of  this  SPEAXS  system  along  with  that  for  the 
alignment  procedure  for  application  to  the  "point"  laser- 
produced  sources.  In  Sec.  11  we  describe  the  response  of  the 
crystal/multilayer  analyzers  that  we  have  chosen  for  the 
100-10  000-eV  region  and  that  of  the  associated  low-  and 
high-energy  cut-off  characteristics  of  practical  filters  and 
mirror  monochromators.  In  Sec.  Ill  we  describe  the  photo¬ 
graphic  and  streak  camera  detection  that  is  applied  with  this 
SPEAXS  system.  And  finally  in  Sec.  IV  we  present  some 
initial  measurements  on  the  OMEGA  facility  and  discuss 
the  combining  of  calibration  data  for  the  generation  of  an 
overall  transmission  function  for  the  SPEAXS  system  as  ap¬ 
plied  for  absolute  spectrometry. 


Fig.  3.  The  SPEAXS  system  with  the  x-ray  streak  camera  in  the  up  and  the 
photographic  camera  in  the  down  position.  Also  shown  here  is  a  pneumati¬ 
cally  controlled  4-in.  vacuum  valve  through  which  the  system  is  bolted  onto 
a  I  -m-diameter  target  chamber,  and  the  Vacion/molecular  sieve  appendage 
prepumping  system. 


I.  DESIGN  AND  CONSTRUCTION  OF  THE  SPEAXS 
SYSTEM 

A  drawing  of  the  SPEAXS  system  is  shown  in  Fig.  2.  It 
has  been  designed  to  bolt  onto  a  4-in.  port  of  the  1 -m-diame¬ 
ter  spherical  source  chamber  of  the  OMEGA.  The  source- 
to-scatter  aperture  distance  (between  focal  points  of  the  ellip¬ 
tical  analyzer)  is  120  cm.  The  stainless-steel  block  housing  is 
attached  to  the  chamber  through  a  pneumatically  controlled 
4-in  vacuum  valve  and  the  system  is  prepumped  to  10~* 
Torr  with  a  Vacion  pump  backed  initially  through  a  molecu¬ 
lar  sieve  trap  to  a  mechanical  pump.  The  twin  elliptical  ana¬ 
lyzer/mirror  monochromator  stations  are  mounted  through 
a  rear  port  and  are  adjustable  through  two  side  access  ports. 
A  photo  of  the  assembled  spectrograph  and  its  appendage 
Vacion  pump  are  shown  in  Fig.  3  with  the  streak  camera 
mounted  above  and  the  photographic  camera  below  the 
housing. 

In  order  to  allow  a  precise  optical  alignment  of  the  ellip¬ 
tical  analyzers,  these  along  with  their  associated  mirror 
monochromators  are  mounted  on  blocks  that  are  attached  to 
structures  as  shown  in  Figs.  4  and  5  which  permit  small 
rotations  about  two  axes,  one  along  the  center  line  of  the 
scatter  aperture  slit  and  the  other  perpendicular  to  the  aper¬ 
ture  plane  and  through  its  center  (see  &xcsA-A  '  and  B-B '  in 
Fig.  1).  To  achieve  optical  alignment  with  a  small  "point” 
target,  an  alignment  telescope  is  precision  fit  to  each  ellipti¬ 


Fig.  2.  Cut-away  drawing  il¬ 
lustrating  the  mounting  of  the 
two  elliptical  analyzer  chan¬ 
nels  in  the  SPEAXS  system.. 
1 1 — x-ray  streak  camera;  2 — 
elliptical  analyzer  channels; 
3 — photographic  camera;  4 — 
pneunuLtically  controlled  valve.) 


cal  analyzer  block,  in  turn,  with  the  optical  axis  of  the  tele¬ 
scope  along  the  central  ray  to  the  source  focal  point  of  the 
ray  system  that  illuminates  the  elliptical  analyzer.  The  tele- 
scope-and-analyzer  block  is  then  rotated  about  the  two  axes 
to  bring  the  image  of  an  ambient-lighted  point  target  to  the 
middle  of  the  telescope  reticule  as  illustrated  in  Fig.  6.  After 
this  alignment,  the  rotatable  crystal  block  mountings  are 
clamped  into  fixed  positions.  When  a  mirror  monochroma¬ 
tor  is  attached  to  the  elliptical  analyzer  block,  with  the  de¬ 
sired  angle  of  reflection  fixed,  the  optical  image  that  is  cen¬ 
tered  within  the  alignment  telescope  field  is  formed  directly 
by  reflected  rays  presented  by  the  monochromator  mirror. 
(Aluminized  optically  reflecting  test  analyzers  and  mirrors 
are  used  in  this  alignment  procedure.) 

By  placing  a  point  source  of  visible  light  at  the  source 
position  (or  alternatively,  an  image  of  a  point  source  with  a 
ray  system  that  proceeds  to  illuminate  the  total  elliptical 
analyzer  surface)  the  optical  perfection  of  the  mirror/ana¬ 
lyzer  system  may  be  evaluated.  With  proper  optical  align¬ 
ment,  a  sharp  line  image  appears  along  the  center  line  of  the 
scatter  aperture.  A  “knife  edge"  test  of  the  uniformity  of  the 
optical  reflection  from  the  elliptically  curved  surface  may  be 
demonstrated  by  the  uniformity  of  the  illumination  on  a 
screen  along  the  detection  circle. 


Fig.  4.  Showing  the  elliptical  analyzer  substrate  and  mirror  monochroma¬ 
tor  as  attached  to  the  mounting  block  on  the  rotating  table  (with  the  AA  ' 
axis).  The  scatter  aperture  plate  is  mounted  on  the  bottom  of  the  circular 
table. 
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Fig.  Back  view  of  rotating  mount  as  shown  in  Fig.  4.  Illustrated  here  is 
the  rotational  adjustment  of  the  mounting  block  onentation  about  an  axis 
perpendicular  to  that  of  the  rotating  table  axis  and  through  the  center  of  the 
scatter  aperture  |the  BB'  axis). 

Finally,  the  geometrical  and  smoothness  integrity  of  the 
crystal/multilayer  analyzer  surface  and  the  absence  of  crys¬ 
tal  defects  may  be  tested  by  checking  for  waviness  and  vari¬ 
ation  of  photographic  density  of  the  photographically  re¬ 
corded  x-ray  spectral  lines  on  a  film  placed  along  the 
detection  circle. 

II.  CRYSTAL/MULTILAYER  ANALYZERS,  MIRROR 
MONOCHROMATORS.  AND  FILTERS 

Thin  sections  of  crystals  (0. 5x4.0  in.  and  of  0.005- 
0.020  in.  thickness)  are  cemented  to  standardized,  elliptical- 
ly  curved  substrates  which  are  generated  by  a  computer- 
controlled  milling  machine.  The  construction  of  the  ellipti¬ 
cal  analyzers  is  described  in  detail  in  Ref.  1.  The  large  2d 
analyzers  are  deposited  as  molecular  multilayers  (lead  salts 
of  straight-chain  fatty  acids)  and  directly  upon  the  curved 
substrates  that  have  been  clad  with  thin  glass  sections  and  as 
described  in  Refs.  1  and  2.  In  Table  I  we  present  a  listing  of 
crystals/multilayers  that  have  been  chosen  for  the  present 
SPEAXS  system  and  which  are  currently  under  ev^uation 
by  the  authors  for  spectrometry  in  the  100-10  000-eV  re- 


Fic.  6.  Dqiicting  the  iligiunent  procedure.  A  precision  oriented  alignment 
telescope  is  fastened  to  each  mounting  block  in  turn,  rotating  it  about  the 
two  axes  {AA '  and  BB ')  until  the  image  of  the  small  target  is  on  the  center  of 
the  reticule.  The  mirror/analyzer  mounting  block  is  then  fixed  in  this  posi¬ 
tion  by  tightening  its  mounting  bolts  accessible  through  the  side  ports. 


JMIl  i  iivoil  Ik’li.'  .lU'  ilk'  Id  \.iiui.'s,  j-lh'U'll  clk-|  ^>  ,,  i 

Urugg  angles  lo  b7.}  deg  and  the  calculated  integrat¬ 

ed  reflectivity  R.  (Darwin-Prins)  at  45°  Bragg  angle.  Our 
methods  for  the  calculation  and  e.xperimental  measurements 
of  the  integrated  reflectivities  are  discussed  in  Refs.  1, 3,  and 
4,  In  Fig.  7,  we  present  the  integrated  reflectivities  for  the 
analyzers  listed  in  Table  1  plotted  for  the  appropriate  photon 
energy  segments  through  the  entire  100-10  000-eV  region  in 
order  to  illustrate  the  "coverage"  by  this  set  of  analyzers. 

In  Ref.  3  we  have  presented  detailed  reflectivity  versus 
angle  of  grazing  incidence  and  photon  energy  curves  and 
tables  for  the  mirror  monochromator  systems  that  are  cur¬ 
rently  used  in  low-energy  x-ray  spectrometry.  Two  of  these 
mirror  monochromators  have  been  applied  in  this  SPEAXS 
system  to  effectively  suppress  the  second-  and  higher-order 
diffracted  background  radiations.  These  are  with  a  30-mrad 
reflection  from  A1  and  with  a  67.5-mrad  reflection  from 
AI2O3  having  high-energy  cut-off  characteristics  at  about 
1000  and  500  eV,  respectively.  The  reflectivity  versus  photon 
energy  curves  for  these  mirror  monochromators  are  shown 
in  Fig.  8. 

The  low-energy  background  radiation  that  may  be 
superimposed  upon  the  higher-energy  measured  spectra  can 
be  excessive,  first,  because  the  sources  of  interest  often  have  a 
relatively  large  component  of  low-energy  x-rays  and  EUV 
and,  second,  because  these  longer  wavelength  radiations  can 
strongly  scatter  and  specularly  reflect  from  the  analyzer  sur¬ 
face  and  effectively  compete  with  the  Bragg  reflected  spec¬ 
tral  intensities.  To  suppress  this  low-energy  background,  a 
relatively  thick  filter  with  a  strong  transmission  band  for  the 
particular  spectral  region  being  measured  can  often  be  effec¬ 
tive  (usually  placed  at  the  small  scatter  aperture).  In  Table  II 
are  listed  some  practical  filter  materiaJs  along  with  their 
mass  thickness,  m(  =  1/2/4)  for  which  their  transmission  will 
be  about  60%  at  a  photon  energy  just  below  a  given  strong 
absorption  edge  (the  high-energy  limit  of  the  particular 
transmission  band).  In  Figs.  9  and  10  are  plotted  the  trans¬ 
mission  bands  in  the  100-10  000-eV  region  of  interest  here. 
[Filter  mass  thicknesses  (Mg/cm^)  are  used  rather  than  lin¬ 
ear  thicknesses  because  these  usually  are  more  accurately 
measured  and  film  density  values  are  not  required,  which  are 
usually  not  accurately  definable  for  thin  films.] 


III.  PHOTOGRAPHIC  AND  STREAK  CAMERA 
DETECTION 

Particularly  in  the  fusion  energy  and  present  x-ray  laser 
research,  time-resolved  x-ray  diagnostics  of  high-tempera¬ 
ture  plasmas,  is  essential.  For  the  application  of  the  present 
SPEAXS  system  on  the  diagnostics  of  laser-produced  plas¬ 
mas  (with  subnanosecond  pulses)  the  required  time  resolu¬ 
tion  in  the  10-ps  range  has  been  achieved  with  a  specially 
designed  x-ray  streak  camera.  In  order  to  obtain  an  absolute 
calibration  of  the  time-resolved  streak  spectrum,  a  simulta¬ 
neous  absolute  time-integrated  intensity  value  on  the  same 
spectrum  is  obtained  by  photographic  recording  with  a  par¬ 
allel,  identical  elliptical  analyzer  channel. 

In  the  present  instrument  an  entrance  aperture  slit  to 
each  channel  is  applied  which  establishes  a  spectral  line 
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Indices 

Diffraclion 

E  leVi  iimils 

R  i45'i'' 

No 

Cr)Mal  name 

,hkl\ 

2D 

order 

22.5‘-i'M  -  67  5’ 

imradi 

1 

LiF 

12001 

4,03 

1 

8046—3333 

0.0433 

2 

Mica 

002) 

19.84 

3 

4900—2029 

0.0286 

3 

PET 

l002t 

8.74 

1 

3707—1535 

0.0907 

4 

Gypsum 

15.19 

1 

2134—  884 

0.0711 

5 

Mica 

1002) 

19.84 

1 

1633—  676 

0.0136 

6 

.■lAP 

llOlO) 

26.12 

1 

1240—  514 

0.0848 

7 

K.AP 

llOlO) 

26.63 

1 

1217—  504 

0.0488 

i 

Laurate* 

70.00 

1 

463—  192 

0.4878 

9 

Stearate 

100.00 

1 

324—  134 

0.8262 

10 

Lignocerate 

130.00 

1 

249—  103 

0,9373 

II 

Melisaate 

160.00 

1 

203—  84 

0.8974 

*  Molecultr  multilayen  of  lead  salts  of  straight-chain  fatty  acids. 
"  For  Bragg  angle,  B,  equal  to  4S*. 


length  at  the  detection  circle  of  3  mm.  The  I -mm  width  of 
the  40-mm  streak  camera  slit  (positioned  along  a  chord  of  the 
detection  circle)  is  aligned  along  the  middle  of  this  3-mm- 
wide  zone.  Correspondingly,  a  photographic  film  placed  on 
the  detection  circle  measures  spectra  within  this  3-mm-wide 
band,  and  a  subsequent  microdensitometer  measurement 
may  be  with  an  effective  1-mm  slit  length  scan  averaged 
through  the  middle  of  the  exposed  3-mm  zone. 

A  3S-mm  photographic  film  is  mounted  upon  a  semicir¬ 
cular  film  holder  of  a  radius  equal  to  8.4  cm  which  may  be 
advanced  into  this  detection  circle  by  means  of  a  sliding/ 
rotating  vacuum  feedthrough  rod  (see  Fig.  2)  permitting  four 
exposures  of  the  3-mm  spectral  bands  to  be  obtained  on  each 
3S-mm  film  strip.  After  making  these  exposures,  the  film 
holder  cassette  may  be  drawn  back  against  the  circular  ac¬ 
cess  plate  that  is  sealed  by  an  0-ring  to  the  side  of  the  camera 
housing.  In  this  closed  position,  a  light  baffle  may  then  be 
rotated  into  place  over  the  cassette  entrance  slit  and  the  side 
plate  may  then  be  removed  along  with  the  film  holder  within 
a  light-tight  enclosure  which  may  be  carried  to  a  darkroom 
for  processing. 

The  photographic  camera  and  the  streak  camera  can  be 
set  to  have  comparable  sensitivities  in  the  x-ray  region  as 
established  by  the  choice  of  the  photographic  film  and  of  the 


Fio.  7.  Integrated  reflectivity,  R  (nuad),  vs  photon  energy,  E  |eV),  for  eleven 
crystal/multilayers  that  may  be  applied  to  cover  the  100-10  000-eV  region 
u  elliptical  analyzen  and  as  listed  in  Table  I.  The  R  plots  have  been  calcu¬ 
lated  using  the  Darwin-Prins  model.  (See  Appendix  B  for  detailed  Ry»E 
curves.) 


transmission  photocathode  material  and  thickness  at  the 
streak  camera’s  entrance  slit.  Further  adjustment  of  the  sen¬ 
sitivity  of  the  two  channels  is  obtained  by  introducing 
matched  filters  of  desired  absorption  thickness  at  the  two 
scatter  apertures  as  described  earlier.  Finally,  to  bring  the 
exposure  within  the  dynamic  range  of  the  photographic  de¬ 
tection,  the  four  exposures  of  the  film  strip  may  be  with  four 
thicknesses  of  additional  calibrated  filter  material  that  are 
mounted  as  a  wedge  at  the  entrance  slit  of  the  translating 
film  cassette. 

After  a  standardized  film  processing,  the  properly  ex¬ 
posed  photographically  recorded  spectral  line  (or  contin¬ 
uum)  may  be  microdensitometered  to  yield  a  profile  in  pho¬ 
tographic  density,  D.  In  Ref.  5  we  have  describ^  an  accurate 
method  for  analytically  transforming  this  profile  in  photo¬ 
graphic  density,  A  to  a  profile  in  absolute  intensity  at  the 
detection  circle,  I  (photonsZ/zm^)  using  a  semiempirical  pho¬ 
tographic  response  function  which  relates  the  exposing  in¬ 
tensity,  /,  to  the  measured  density,  A  for  a  given  photon 
energy,  E.  This  function  may  be  combined  with  the  trans¬ 
mission  function  of  the  elliptical  analyzer  channel  via  a  mi¬ 
crocomputer  to  yield  an  absolute  source  intensity  plot  (e.g., 
photons/steradian)  versus  photon  energy,  E,  directly  from 
the  microdensitometer  data  as  will  be  outlined  in  Sec.  V. 

Three  practical  photographic  film  types  have  been  char- 


Fio.  8.  Percent  reflectivity,  P  ( % ),  vs  photon  energy,  £  (e V),  illustrating  high- 
energy  cut-oir  characteristics  of  a  67.5-inrad  reflection  from  an  AI2O)  mir¬ 
ror  and  of  a  30-mrad  reflection  front  an  A1  mirror.  These  monochromators 
effectively  reduce  the  high-energy  background  above  500  and  1000  eV,  re¬ 
spectively. 
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Table  II.  Mass  thickness  of  filters  with  transmission  band  characteristics 
illustrated  in  Figs.  9  and  10. 


No. 

Filter 

Edge 

(eV) 

\/2ft 

(/ig/cm-) 

1 

Beryllium 

Be 

Be-K|lll) 

81 

2 

Boron  nitride 

BN 

B-K(I88) 

68 

3 

Carbon 

C 

C-K  (284) 

226 

Polypropylene 
(CH;  =  CHCH.), 

C-K  (284) 

256 

Formvar 

C,H,0, 

C-K  (284) 

156 

Mylar 

^10^8^4 

C-K  (284) 

152 

Kimfol 

Ci6H,403 

C-K  (284) 

181 

4 

Boron  nitride 

BN 

N-K  (400) 

66 

5 

Aluminum  oxide 
Al.O, 

0-K(532| 

126 

Silicon  dioxide 

SiO, 

O-K  (532) 

116 

Polyformaldchyde 

(CH,0), 

0-K  (532) 

92 

6 

Iron 

Fe 

Fe-Lj  (707) 

234 

7 

Nickel 

Ni 

Ni-Lj  (854) 

279 

8 

Copper 

Cu 

Cu-Lj  (933) 

318 

9 

Magnesium 

Mg 

Mg-K(1303) 

1139 

10 

Aluminum 

A1 

Al-K(1560) 

1427 

11 

Silicon 

Si 

Si-K(l840) 

1680 

12 

Saran 

(CH,  =  CC1,|. 

Cl-K  (2820) 

3151 

13 

Silver 

Ag 

Ag-L,(3351) 

1296 

14 

Tin 

Sn 

Sn-L,  (3929) 

1669 

15 

Titanium 

Ti 

Ti-K  (4964) 

6010 

16 

Chromium 

Cr 

Cr-K  (5989) 

7924 

17 

Iron 

Fe 

Fe-K  (7111) 

9804 

18 

Nickel 

Ni 

Ni-K(8331) 

11820 

19 

Copper 

Cu 

Cu-K  (8980) 

29 

13699 

acterized  in  detail  for  absolute  spectrometry  in  the  100- 
10  000-eV  region  with  the  SPEAXS  system  (see  Ref.  5). 
Their  sensitivities  versus  photon  energy,  E,  are  compared  in 
Fig.  11. 

The  spectral  range  is  covered  with  the  x-ray  streak  cam¬ 
era  by  positioning  the  entrance  slit  along  one  of  three  chords 
on  a  detection  circle  (accomplished  with  straight  through 
and  a  tilted  mounting  flange).  The  central  axis  of  the  streak 
camera  passes  through  the  focal  point  at  the  scatter  aperture 


Fig.  9.  Transmission  bands  of  selected  filters  listed  in  Table  II  for  the  100- 
1000  eV  region.  (See  Appendix  A  for  detailed  transmission  curves  which 
indicate  the  effectiveness  of  the  low-energy  cut-off  characteristics.) 

center  and  may  be  mounted  so  as  alternatively  to  make  the 
angles,  —  20°,  0,  and  +  20“  with  the  normal  to  the  aperture 
plane.  The  minimum  distance  of  the  photocathode  to  the 
scatter  aperture  is  24  mm.  Because  of  the  large  angular  dis¬ 
persion  of  Bragg  reflecting  analyzers  and  because  of  the  me¬ 
chanical  and  electrical  problems  associated  with  very  close 
coupling  of  the  entrance  slit  of  the  streak  camera  and  the 
analyzer,  it  becomes  of  considerable  advantage  in  crystal 
spectroscopy  to  employ  streak  cameras  having  relatively 
long  entrance  slits.  For  the  SPEAXS  system  an  x-ray  streak 
camera  has  been  specially  developed  that  has  an  entrance  slit 
of  1  by  40  mm  with  more  than  300  spatially  resolved  ele¬ 
ments  along  this  slit.  And  it  has  the  required  10-ps  resolu¬ 
tion.  This  was  accomplished  by  a  systematic  series  of  experi¬ 
mental  modifications  of  the  basic  structure  of  the  RCA 
7343S  image  tube  as  suggested  by  an  associated  series  of 
measurements  and  precisely  computed  electron  ray  traces 
following  each  modification.  This  tube  development  is  de¬ 
scribed  in  detail  in  the  companion  work  of  Ref.  6. 

The  transmission  photocathodes  that  are  used  with  this 
streak  camera  on  the  SPEAXS  system  are  cesium  iodide  and 
gold  for  relatively  high  and  low  sensitivity  applications,  re¬ 
spectively.  We  have  measured  the  absolute  quantum  effi¬ 
ciency  for  these  photocathodes  (secondary  electrons  emitted 
per  incident  photon)  as  described  in  Ref.  7  and  examples  of 
the  yield  versus  photon  energy  curves  for  1000-A  Csl  films 
and  for  200-A  gold  films  are  presented  in  Figs.  12  and  13. 
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Fig.  10.  Transmission  bands  for  selected  filters  listed  in  Table  II  for  the 
500-10  000-eV  region  (see  Appendix  A). 
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Fig.  11.  Comparison  of  the  sensitivities  in  the  100-10  000-eV  region  of 
three  photographic  him  types  suitable  for  absolute  spectrometry  with  the 
SPEAXS  system,  Kodak's  101.  RAR-2495  and  SB-392  (33-mm|  films.  |See 
Ref  3  for  a  description  of  their  characterization.!  Sensitivity  is  defined  here 
as  the  reciprocal  of  the  e.sposure,  /(photonsZ/irn’l,  that  is  required  to  estab¬ 
lish  a  specular  density,  D,  equal  to  0.3. 


IV.  INITIAL  RESULTS  AND  PROCEDURES  FOR 
ABSOLUTE  SPECTROMETRY 

The  initial  dynamic  tests  of  the  SPEAXS  system  have 
been  on  microballoon  targets  irradiated  by  a  six-beam  ultra¬ 
violet  laser  pulse  (/I  =  351  nm)  using  the  University  of  Ro¬ 
chester’s  Laboratory  for  Laser  Energetics  OMEGA  facility. 
In  Figs.  14  and  15  are  shown  examples  of  photographically 
recorded  spectra  using  a  12.7  /im  Be  foil  across  the  scatter 
aperture  and  with  the  LiF  and  PET  analyzing  crystals,  re¬ 
spectively.  Exposures  were  on  Kodak’s  RAR  2495  (35  mm) 
film.  The  microdensitometry  was  with  a  30  x  400-fim  slit 
and  with  a  multiscan  integration  of  the  optical  density 
through  the  central  one  millimeter  region  of  the  exposed  3- 
mm  band  (as  also  measured  by  the  streak  camera’s  1-mm 
slit). 

The  spectrum  of  Fig.  14  was  generated  by  a  6(X)-ps  pulse 
of  200-J  absorbed  energy  upon  a  bare  glass  microballoon  of 
200  fim  diameter.  The  spectral  lines  measured  here,  using 
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Fig.  12.  The  quantum  yield,  K,  (secondary  electrons  emitted  per  normally 
incident  photon  I,  vs  photon  energy,  E  (eV).  of  a  lOOO-A  cesium  iodide  trans¬ 
mission  photocathode  (evaporated  under  high  vacuum.  See  Ref  7|. 
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Fig.  13.  Quantum  yield,  Fj  (secondary  electrons  per  normally  incident 
photoni  for  200-A  gold  transmission  photocathode  (see  Ref  7|. 


the  LiF  analyzer,  are  for  highly  ionized  species  of  calcium  (a 
minor  element  in  the  glass). 

The  spectrum  of  Fig.  1 5  was  generated  by  a  6(X)-ps  pulse 
of  200-3  absorbed  energy  upon  a  200-/zm-diameter  glass  mi¬ 
croballoon  that  was  coated  with  1  fim  of  aluminum.  The 
spectral  lines  measured  here  using  the  PET  analyzer,  are  for  ' 
highly  ionized  spec  .es  of  aluminum  and  silicon. 

The  intensities  along  the  three  millimeter  length  of  the 
spectral  lines  as  measured  with  the  LiF  analyzers  were  uni¬ 
form.  The  measured  intensities,  however,  symmetrically 
drop  off  in  the  first  and  third  millimeter  segments  along  the 
spectral  line  for  the  PET  analyzer  (and  also  for  the  RAP  ' 
analyzers  that  have  been  applied  for  these  initial  tests).  We 
believe  that  this  nonuniformity  has  resulted  from  a  slight 
curvature  of  the  crystal  surface  in  its  short  dimension.  We 
hope  to  improve  the  flatness  of  the  crystal  mounting  on  the 
elliptical  substrates  by  improving  the  mounting  procedures 
over  those  as  originally  described  in  Ref.  1.  ' 

Presented  in  Fig.  16  is  an  example  of  the  initial  tests  of 
the  x-ray  streak  camera  (a  Polaroid  photograph  of  the  image 
intensifier  output  for  a  spectrum  from  a  bare  glass  microbal¬ 
loon  using  a  PET  analyzing  crystal  and  a  C$I  transmission 
photocathode).  Having  elliptically  curved  analyzers  of  im¬ 
proved  quality,  we  may  then  proceed  to  measure  accurate  * 
absolute  photon  energies  and  intensities  of  spectral  lines  and 
of  continuum  distributions. 

The  absolute  photon  energy  £(eV),  and  wavelength 
\  (A),  may  be  determined  from  the  measured  angular  posi¬ 
tion  (see  Fig.  1)  along  the  detection  circle  for  the  elliptical 
analyzer  by  the  following  relation  [from  Eq.  (6),  Ref.  IJ:  ' 


J/AI  2d  . 

/  (A)  =  — sm 

m 


tan 


,/  :  -f  cos£\]  ^ 
\  cs'mQ  /J 


12  JVS 


:sin£  /j  £(eV) 

Here  m  is  the  diffraction  order  and  d  is  the  effective  atomic 
plane  spacing  of  the  analyze  , includes  a  refraction  correc¬ 
tion)  and  expressed  in  angstroms.  The  eccentricity  param¬ 
eter,  e,  for  the  ellipticity  of  the  analyzer  has  been  given  in 
Ref.  1  [Eq.  (5)]  by  the  relation 


f  =  v'l  +(A//?o)--A/£„. 

in  which  is  the  distance  between  the  focal  points  (between 

I 
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Fig.  14.  Example  of  photographically  re¬ 
corded  spectrum  with  the  SPEAXS  sys¬ 
tem  using  the  LiF  crystal  elliptical  ana¬ 
lyzer.  Measuring  transitions  for  Ca"" 
excited  by  a  600-ps/200- J  pulse  of  3S I  -nm 
light  of  the  OMEGA  facility  upon  a  200' 
/rm-diameter  bare  glass  microballoon.  Ex¬ 
posure  on  RAR-249S  film. 


the  source  and  the  center  of  the  scatter  aperture)  and  h  is  the 
size  parameter  that  measures  thw*  distance  from  the  second 
focal  point  at  the  scatter  aperture  to  the  elliptical  analyzer 
surface  along  the  ray  for  ^  =  90*.  (The  elliptical  geometry  of 
the  analyzer  is  completely  characterized  by  the  parameters 
Jto  and  A  which  are  equal  to  120  and  5.08  cm,  respectively, 
for  the  present  SPEAXS  system.) 

The  absolute  source  brightness  for  a  characteristic  line 
emission  at  photon  energy  £,  may  be  determined  as  t'o  Ipho- 
tons-emitted-per>pulse/steradian)  by  the  following  relation 
[see  Ref.  1,  Eq.  (14)]; 

io  =  NL/FMRW(dx/dd], 


where  N  is  the  total  number  of  photons  measured  at  the 
detection  circle  or  radius  r,  within  a  spectral  line  of  length  w. 
L  is  the  constant  total  pathlength  for  all  rays  from  the  source 
point,  off  the  analyzer,  through  the  scatter  aperture  and  then 
to  the  detection  circle,  and  given  by 

L  —  \R(/  +  A  *  +  h  +  r, 

Fis  the  filter  transmission  factor  at  photon  energy  £;  A/  is  the 
monochromator  mirror  reflectivity  factor  at  photon  energy 
£;  R  is  the  total  integrated  reflectivity  factor  of  the  crystal/ 
multilayer  analyzer  at  photon  energy  £;  [dx/dd )  is  the  ratio 
of  the  differential  angle  dx,  in  the  plane  of  reflection  of  the 


Fig.  is.  Example  of  photographically  re¬ 
corded  spectrum  with  the  SPEAXS  sys¬ 
tem  using  the  PET  elliptical  analyzer. 
Measuring  transitions  for  the  ionized  spe¬ 
cies,  Al"^,  Al'’",  Si''-,  and  Si"-  from 
a  200-/im-diameter  glass  microballoon 
coated  with  I  /tm  of  Al  and  excited  by  a 
600-ps/200-J  pulse  of  3SI-nm  light  of  the 
OMEGA  facility.  Exposure  on  RAR- 
2495  film, 
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Fig  16  A  photograph  of  the  x-ray  streak  camera  output  for  a  spectrum 
presented  to  a  Csl  transmission  photocathode  by  a  PET  elliptical  analyzer 
The  spectrum  was  laser  produced  from  a  hare  glass  microballon 


rays  that  originate  at  the  source  to  the  corresponding  differ¬ 
ential  Bragg  angle  of  their  reflection  from  the  analyzer.  It 
is  given  by  the  following  relation  [from  Eq.  (8)  of  Ref.  IJ: 

dy  _  r  -  1 

dd  e\e  —  cos  0 1 ' 

.V,  for  a  given  spectral  line,  may  be  determined  by  numerical¬ 
ly  integrating  over  the  spectral  line  intensity  distribution, 
/|photons//rm-)  vs  E  as  derived  from  the  measured  photo¬ 
graphic  density  D,  vs  line  position^,  using  the  photographic 
film  response  functions  described  in  Ref.  5  (via  a  microcom¬ 
puter  connected  to  the  microdensitometer). 

The  filter  transmission  F,  mirror  reflectivity  M,  and 
analyzer  integrated  reflectivity  R,  may  be  derived  by  calcula¬ 
tions  based  upon  the  atomic  photoionization  cross  sections 
and  the  associated  complex  atomic  scattering  factors.  This 
procedure  has  been  outlined  in  Ref.  3.  We  have  presented 
recently  in  Ref  4  the  atomic  photoionization  and  scattering 


factor  tables  for  ‘)4  elements  which  have  been  generated  by 
fitting  theoretical  pholoionization  vs  E  curves  to  the  "best 
available"  experimental  data  for  the  30-10  000-eV  region 
and  applying  the  quantum  dispersion  theory,  with  these 
data,  to  generate  the  corresponding  atomic  scattering  fac¬ 
tors.  Also  presented  in  Ref.  4  are  the  detailed  calculations  for 
mirror  reflectivities  and  for  crystal/multilayer  integrated  re¬ 
flectivities.  M  and  /?,  for  materials  that  are  important  in  cur¬ 
rently  applied  x-ray  diagnostics. 

Presented  in  Appendix  A  are  practical  examples  of  filter 
transmission  curves  for  the  100-10  000-eV  region  that  have 
transmission  bands  which  were  described  in  Figs.  9  and  10. 

We  have  found  (see  Ref.  8)  that  our  theoretically  calcu¬ 
lated  mirror  reflectivity  curves  generally  predict  well  the  ex¬ 
perimentally  measured  data  only  for  mirror  surfaces  that 
have  been  obtained  with  "state  of  the  art”  smoothness.  For 
the  mirrors  used  in  the  SPEAXS  system  our  calibration  pro¬ 
cedure  is  to  normalize  the  theoretically  calculated  curves  to 
reflectivity  curves  that  we  have  measured  experimentally 
(for  effective  averaging  of  the  expeririental  data). 

In  Appendix  B  we  present  plots  for  the  first  and  second 
diffraction  orders  for  the  integrated  reflectivity,  R,  for  the 
eleven  crystal/multilayer  analyzers  that  have  been  shown  in 
Fig.  7  for  the  100-10  000-eV  region.  Again,  our  calibration 
procedure  for  the  crystal/multilayer  analyzers  involves  fit¬ 
ting  and  averaging  theoretical  RviE  curves  to  directly  mea¬ 
sured  integrated  reflectivity  data.  We  have  found,  as  dis¬ 
cussed  in  Ref.  9,  that  our  closest  fits  with  the  experimental 
data  are  usually  with  the  theoretical  curves  calculated  with 
the  Darwin-Prins  model  (as  applied  here  for  the  R-  curves 
shown  in  Fig.  7  and  in  Appendix  B).  Typical  R  (exp)/7?  I  Dar- 
win-Prins)  normalizing  ratios  that  have  been  determined  for 
the  elliptical  analyzers  calibrated  for  the  present  SPE.AXS 
system  are  given  in  Table  III. 

In  Appendix  C  we  present  a  detailed  table  for  the  photo¬ 
graphic  specular  density  D  vs  the  exposure  /(photonsZ/rm’) 
and  the  photon  energy  fleV)  in  the  100-10  000-eV  region  for 
normal  incidence  upon  Kodak’s  RAR  2495  film.  This  film 
has  been  found  to  be  particularly  useful  in  the  general  appli- 


Table  III.  Companson  ofcxpenmenlal  and  theorellcal  inlegraled  reflectivity  values — la  modified  Darwin-Prtns  mixlel  has  been  applied  for  the  theoretical 
calculations!. 


Analyzer 

No.  layers 

2D 

Photon 

energy 

K, 

1  mrad  1 

/?,, 

imradi 

R,/R,  ■  100 

LiF 

— 

403 

45108 

0035 

0  042 

83 

Mica-3rd  order 

— 

19  84 

2293.2 

0.027 

0  039 

70 

PET 

__ 

8  74 

2293.2 

0.121 

0  085 

142 

Gypsum 

15  19 

2622.4 

0.055 

0  055 

99 

Mica  Isl  order 

— 

19  84 

929  7 

0  020 

0.013 

147 

RAP 

— 

26  12 

676,8 

0.088 

0.085 

104 

KAP 

— 

2663 

676,8 

0.052 

0.049 

106 

Laurate 

IM 

70tX) 

676.8 

0.324 

0  3H2 

85 

Mynstale 

;oo 

80  00 

192.6 

0  940 

0  990 

95 

Stearate 

135 

100  00 

676.8 

0  327 

0  342 

96 

Behenatc 

150 

120  00 

277.0 

0  425 

0  532 

80 

Lignocerale 

115 

130.00 

192.0 

0.547 

0617 

89 

Melissate 

100 

160  00 

277.0 

0  359 

0.522 

69 
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cation  of  the  SPEAXS  system.  It.  along  with  other  film  types 
have  been  characterized  as  described  in  our  recent  works 
cited  in  Ref.  5. 

We  have  outlined  above  our  procedures  for  determining 
the  number  of  photons-emitted-per-pulse/steradian. 
from  a  “point"  source  for  a  particular  atomic  transition 
(characteristic  line).  In  Ref.  1  we  have  also  presented  a  simi¬ 
lar  procedure  for  the  determination  of  the  photons-emitted- 
per-pulse/steradian-eV,  S,„  for  a  continuum  distribution 
[see  Ref.  1.  Eq.  (15)].  Finally,  in  Ref.  1  we  have  described  a 
procedure  for  the  determination  of  the  line  shape  parameters 
from  the  e.xperimental  spectral  line  distribution  (a  spectral 
line  distribution  of  area  under  the  line  equal  to  the  total  num¬ 
ber  of  photons,  emitted-per-pulse/steradian  for  the  given 
transition  and  as  defined  above).  For  this  line  shape  analysis, 
a  fold  of  Gaussian  and  Lorentzian  shape  functions  (the  Voigt 


function)  was  assumed  for  a  sufficiently  accurate  fit  of  the 
experimental  line  profile  (see  Ref.  1,  Sec.  III). 
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APPENDIX  A 

Figs.  A1-A25.  Transmission  band  and  low-energy  cut-off  characteristics  of  selected  filters.  [For  the  100-10  000-eV 
region  having  filter  thicknesses  which  yield  transmission  band  peak  values  of  about  60%.  The  corresponding  mass  thick¬ 
nesses,  ( /tg/cm’l,  are  listed  in  Table  II.] 
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KAP  (lOlO) 


2d  =  26  626  A 


I®’  ORDER 


MICA  (002)  2d--l984  A 


|S'  ORDER 


NET  DENSITY, D 
(SPECULAR-0. 1x0.1  nA) 


2495  FILM- EXPOSURE.  Kphotons/un^)* 


PHOTON  ENERGY, E{eV) 
WAVELENGTH, X(A) 


75 

1 

65 

01 

4.51 

01 

9 

46 

01 

1 

80 

02 

3.28 

02 

5.84 

02 

1.03 

03 

1.79 

03 

3 

11 

03 

5 

.40 

03 

165.31 

100 

3 

83 

00 

1.02 

01 

2 

06 

01 

3 

78 

01 

6.62 

01 

1.13 

02 

1.90 

02 

3.18 

02 

5 

28 

02 

8 

.76 

02 

123.98 

125 

1 

78 

00 

4.56 

00 

8 

93 

00 

1 

58 

01 

2.65 

01 

4.34 

01 

6.98 

01 

1.11 

02 

1 

76 

02 

2 

.78 

02 

99.18 

150 

1 

09 

00 

2.74 

00 

5 

20 

00 

8 

91 

00 

1.45 

01 

2.28 

01 

3.54 

01 

5.43 

01 

8 

26 

01 

1 

25 

02 

82.65 

175 

7 

89 

-01 

1.93 

00 

3 

58 

00 

5 

96 

00 

9.40 

00 

1.44 

01 

2.16 

01 

3.20 

01 

4. 

70 

01 

6 

87 

01 

70.85 

200 

6 

21 

-01 

1.49 

00 

2 

71 

00 

4 

41 

00 

6.80 

00 

1.01 

01 

1.48 

01 

2.14 

01 

3. 

05 

01 

4 

34 

01 

61.99 

225 

5 

20 

-01 

1.23 

00 

2 

20 

00 

3 

52 

00 

5.31 

00 

7.77 

00 

1.11 

01 

1.57 

01 

2. 

19 

01 

3 

04 

01 

55.10 

250 

4 

53 

-01 

1.06 

00 

1 

87 

00 

2 

94 

00 

4.38 

00 

6.30 

00 

8.87 

00 

1.23 

01 

1. 

69 

01 

2 

30 

01 

49.59 

275 

4 

07 

-01 

9.42 

-01 

1 

64 

00 

2 

56 

00 

3.77 

00 

5.35 

00 

7.43 

00 

1.02 

01 

1. 

37 

01 

1 

85 

01 

45.08 

300 

1. 

72 

00 

4.40 

00 

8 

58 

00 

1 

51 

01 

2.53 

01 

4.13 

01 

6.62 

01 

1.05 

02 

1. 

66 

02 

2 

61 

02 

41.33 

325 

1. 

36 

00 

3.45 

00 

6 

63 

00 

1 

15 

01 

1.89 

01 

3.02 

01 

4.75 

01 

7.39 

01 

1. 

14 

02 

1 

76 

02 

38.15 

350 

1. 

13 

00 

2.83 

00 

5 

36 

00 

9 

15 

00 

1.48 

01 

2.33 

01 

3.59 

01 

5.48 

01 

8. 

30 

01 

1 

25 

02 

35.42 

375 

9. 

75- 

-01 

2.40 

00 

4 

49 

CO 

7 

56 

00 

1.20 

01 

1.86 

01 

2.82 

01 

4.23 

01 

6. 

29 

01 

9 

31 

01 

33.06 

425 

9. 

35- 

-01 

2.30 

00 

4. 

30 

00 

7 

22 

00 

1.15 

01 

1.77 

01 

2.69 

01 

4.02 

01 

5. 

98 

01 

8 

83 

01 

29.17 

450 

8. 

19- 

-01 

2.00 

00 

3. 

72 

00 

6 

19 

00 

9.76 

00 

1.49 

01 

2.24 

01 

3.32 

01 

4. 

88 

01 

7 

13 

01 

27.55 

475 

7. 

38- 

01 

1.79 

00 

3. 

29 

00 

5. 

43 

00 

8.48 

00 

1.28 

01 

1.90 

01 

2.78 

01 

4. 

04 

01 

5 

84 

01 

26.10 

500 

6. 

74- 

01 

1.62 

00 

2. 

95 

00 

4. 

83 

00 

7.46 

00 

1.12 

01 

1.64 

01 

2.37 

01 

3. 

40 

01 

4 

85 

01 

24.80 
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Table  CI  Cont’d. 


E(eV)  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0  A(A) 


0 

550 

9.92-01 

2.45  00 

4.61  00 

7.78  00 

1.25  01 

1.94  01 

2.95  01 

4.45  01 

6.66  01 

9.92  01 

0 

22.54 

600 

8.29-01 

2.02  00 

3.73  00 

6.20  00 

9.74  00 

1.48  01 

2.21  01 

3.27  01 

4.78  01 

6.95  01 

20.66 

650 

7.17-01 

1.72  00 

3.14  00 

5.13  00 

7.92  00 

1.18  01 

1.74  01 

2.51  01 

3.60  01 

5.13  01 

19.07 

700 

6.38-01 

1.52  00 

2.72  00 

4.39  00 

6.68  00 

9.83  00 

1.42  01 

2.01  01 

2.83  01 

3.97  01 

17.71 

750 

5.85-01 

1.37  00 

2.44  00 

3.87  00 

5.80  00 

8.41  00 

1.19  01 

1.67  01 

2.30  01 

3.16  01 

16.53 

800 

5.45-01 

1.27  00 

2.22  00 

3.48  00 

5.14  00 

7.34  00 

1.02  01 

1.41  01 

1.92  01 

2.59  01 

15.50 

850 

5.14-01 

1.18  00 

2.05  00 

3.17  00 

4.63  00 

6.52  00 

8.97  00 

1.22  01 

1.63  01 

2.17  01 

14.59 

900 

4.91-01 

1.12  00 

1.92  00 

2.94  00 

4.24  00 

5.90  00 

8.03  00 

1.07  01 

1.42  01 

1.87  01 

13.78 

950 

4.73-01 

1.07  00 

1.31  00 

2.75  00 

3.93  00 

5.42  00 

7.29  00 

9.64  00 

1.26  01 

1.63  01 

13.05 

1000 

4.59-01 

1.03  00 

1.73  00 

2.60  00 

3.68  00 

5.02  00 

6.69  00 

8.76  00 

1.13  01 

1.45  01 

12.40 

1100 

4.40-01 

9.71-01 

1.61  00 

2.39  00 

3.33  00 

4.47  00 

5.85  00 

7.53  00 

9.58  00 

1.21  01 

11.27 

1200 

4.30-01 

9.39-01 

1.54  00 

2.26  00 

3.11  00 

4.12  00 

5.33  00 

6.78  00 

8.52  00 

1.06  01 

10.33 

1300 

4.27-01 

9.24-01 

1.51  00 

2.18  00 

2.98  00 

3.92  00 

5.03  00 

6.34  00 

7.90  00 

9.77  00 

9.54 

1400 

4.30-01 

9.24-01 

1.50  00 

2.16  00 

2.92  00 

3.82  00 

4.87  00 

6.11  00 

7.57  00 

9.32  00 

8.86 

1500 

4.37-01 

9.37-01 

1.51  00 

2.17  00 

2.93  00 

3.80  00 

4.83  00 

6.03  00 

7.45  00 

9.15  00 

8.27 

1800 

3.44-01 

7.39-01 

1.19  00 

1.72  00 

2.32  00 

3.02  00 

3.84  00 

4.81  00 

5.95  00 

7.31  00 

6.89 

1900 

3.49-01 

7.47-01 

1.20  00 

1.72  00 

2.33  00 

3.03  00 

3.84  00 

4.79  00 

5.92  00 

7.26  00 

6.53 

2000 

3.59-01 

7.67-01 

1.23  00 

1.76  00 

2.37  00 

3.08  00 

3.90  00 

4.86  00 

5.99  00 

7.34  00 

6.20 

2100 

3.70-01 

7.88-01 

1.26  00 

1.80  00 

2.43  00 

3.14  00 

3.97  00 

4.94  00 

6.09  00 

7.46  00 

5.90 

2200 

3.84-01 

8.18-01 

1.31  00 

1.87  00 

2.51  00 

3.24  00 

4.09  00 

5.09  00 

6.27  00 

7.67  00 

5.64 

2300 

4.01-01 

8.52-01 

1.36  00 

1.94  00 

2.60  00 

3.36  00 

4.24  00 

5.28  00 

6.49  00 

7.95  00 

5.39 

2400 

4.19-01 

8.90-01 

1.42  00 

2.12  00 

2.71  00 

3.50  00 

4.42  00 

5.49  00 

6.76  00 

8.28  00 

5.17 

2500 

4.40-01 

9.33-01 

1.49  00 

2.12  00 

2.84  00 

3.66  00 

4.62  00 

5.74  00 

7.07  00 

8.66  00 

4.96 

3000 

5.71-01 

1.21  00 

1.93  00 

2.74  00 

3.67  00 

4.74  00 

5.98  00 

7.43  00 

9.16  00 

1.13  01 

4.13 

p 

4000 

4.97-01 

1.05  00 

1.68  00 

2.39  00 

3.19  00 

4.12  00 

5.20  00 

6.46  00 

7.96  00 

9.78  00 

3.10 

5000 

7.37-01 

1.56  00 

2.49  00 

3.54  00 

4.74  00 

6.12  00 

7.73  00 

9.63  00 

1.19  01 

1.47  01 

2.48 

6000 

1.09  00 

2.30  00 

3.67  00 

5.22  00 

7.00  00 

9.05  00 

1.14  01 

1.43  01 

1.77  01 

2.18  01 

2.07 

7000 

1.56  00 

3.30  00 

5.27  00 

7.50  00 

1.01  01 

1.30  01 

1.65  01 

2.06  01 

2.55  01 

3.15  01 

1.77 

8000 

2.17  00 

4.59  00 

7.33  00 

1.04  01 

1.40  01 

1.81  01 

2.29  01 

2.87  01 

3.56  01 

4.41  01 

1.55 

9000 

2.93  00 

6.21  00 

9.91  00 

1.41  01 

1.89  01 

2.45  01 

3.11  01 

3.88  01 

4.82  01 

5.98  01 

1.38 

10000 

3.86  00 

8.18  00 

1.31  01 

1.86  01 

2.50  01 

3.23  01 

4.10  01 

5.13  01 

6.37  01 

7.90  01 

1.24 

— 

*  In  our  notation  in  this  table,  a  number  followed  by  a  space  and  another  number  indicates  that  the  first 
nimber  is  to  be  multiplied  by  10  raised  to  the  power  of  the  second  number;  e.g.,  1.27  -01  means 
1.27  X  10*‘. 

A  -  Br-M^  edge;  B  -  C-K  edge;  C  -  N-K,  Ag-M^.j  edges;  D  -  0-K  edge;  E  -  Br-Lj.a  edge;  F  -  Ag-L3,2  edge. 
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Elliptical  analyzer  spectrograph 
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3.  TECHNICAL  NOTES:  FILTER-MIRROR  PRIMARY  MONOCHROMATORS 


Associated  with  the  absolute  spectrometry  of  Che  large  plasma  and 
synchrotron  x-radiation  sources  is  the  often  difficult  task  of  rejectiiu’, 
the  incense  longer  and  shorter  wavelengths  which  can  be  strong  sources 
of  background  scattered-and- fluorescent  radiations  and  of  high-order 
diffracted  radiations.  Illustrated  in  Fig.  1  is  the  generation  of  a 
transmission  band  for  the  rejection  of  such  background  radiations  around 
Che  500-1000  eV  region  by  combining  as  a  primary  monochromator  a  300 
copper  foil  filter  and  a  30  milliradian  reflection  from  an 
aluminized  x-ray  mirror.  A  copper  foil  of  this  thickness  is 
self-supporting  and  is  opaque  to  the  intense  uv  and  longer  wavelength 
light  also  Chat  is  associated,  for  example,  with  the  laser-produced  and 
synchrotron  radiation  sources. 


Fabrication  of  Low  Energy  X-Ray  Filters 

For  the  design  and  construction  of  light-opaque  filters  having 
transmission  bands  below  500  eV  we  have  developed  Che  following 
procedures : 

(a)  From  our  absorption  tables  we  choose  metallic  elements 

which  have  a  minimum  in  their  absorption  curves  where  a  filter 
transmission  band  is  required.  Also  Che  reflectivity  and 
extinction  coefficients  for  a  thin  film  of  this  metal  must  be 
relatively  high  for  the  incense  uv  and  longer  wavelengths 
light  of  the  source. 

The  metal  film  is  deposited  upon  both  sides  of  a 
Formvar-coaCed  30  /ig/cm^  carbon  foil- -very  gently  with  a  low 
power  sputtering  beam  from  a  focussing  Magnetron  source  (over 
a  period  of  one  to  two  hours).  This  slow  sputtered  deposition 
upon  a  rotating  window  mounted  with  a  mirror-like,  carbon  foil 
produces  a  coating  that  is  uniform,  also  mirror- like  and  with 
minimized  and  equalized  stresses  (as  compared  to  those  often 
obtained  by  deposition  with  evaporation  sources) .  Our  simple 
apparatus  for  fabricating  these  ultra-thin,  self-supporting 
filter  systems  is  shown  in  Fig.  2. 

Shown  in  Fig.  3  is  a  the  transmission  curve  of  a  filter 
that  was  designed  and  constructed  as  described  above,  to  be 
about  59%  transmissive  at  200  eV  and  with  transmission  for  thi 
351  nm  uv  light  of  OMEGA  of  10'^.  For  this  filter  50  /ig/cm^ 
of  molybdenum  was  deposited  on  each  side  of  the  30  ng/cm^ 
carbon  foil. 

In  Table  1  is  reproduced  the  sputtering  rates  of  some 
useful  filter  materials. 


Figure  1,  A  filter-mirror  primary  monochroma¬ 
tor  for  a  transmission  band  around  800  eV. 


Figure  2 

Sputtering  System 
for  the 

Fabrication  of  Light-Opaque 
Low  Energy  X-Ray  Filters 


1  -  Plasma  Magnetron  DC  Sputter  Source 

2  -  Rotating  Filter-Window  Assemblies 

3  -  Constant  DC  Power  Supply  and  Baritron  Pressure  Caging 

A  conventional,  LN  trapped,  diffusion  pump  vacuum  evaporation  system  is 
applied  interchangeably  for  the  sputter  coating  of  thin  x-ray  filter  systems. 
The  bell  jar  is  replaced  by  a  glass  cylinder  on  top  of  which  is  mounted  a 
baseplate  (sealed  with  an  L-type  Viton  gasket)  which  supports  the  magnetron 
plasma  source  and  a  variable  spead  motor  driven  sample  rotisserie.  The  high 
vacuum  rotational  feed-through  is  magnetic  coupled. 


Transmission  of  Molybdenum  -  Coated  Carbon  Foi 


Table  1  (a)  Sputtering  Yields  for  Various  Materials  Bombarded  by  Ar^  (Compiled 

by  Maissel**) 


*Type  304  stainless  steel. 

**L.I.  Maissel,  in  "Physics  of  Thin  Films"  (G.Hass  and  R.E.  Thun,  eds.), 
Vol.  3,  p.  61,  Academic  Press  Inc.,  New  York,  1966. 
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Characterization  of  X-Rav  Mirrors 


Several  years  ago  we  Initiated  an  on-going  investigation  of  the 
reflectivity  characteristics  of  grazing  Incidence  x-ray  mirrors  in 
collaboration  with  LANL  and  LLNL  (Kanla,  Day  and  Kauffman).  Generally, 
we  find  that  state-of-the-art  quality  mirror  surfaces  reflected 
x-radiations  of  wavelengths  not  close  to  a  mirror  absorption  edge 
wavelength  according  to  the  E&M  Fresnel  Eq.  using  optical  constants 
derived  from  our  calculated  atomic  scattering  factors,  f^  and  fj.  This 
reassuring  predictability  is  illustrated  in  some  examples  of  our 
measurements  that  are  presented  here  at  several  photon  energies  of  the 
percent  reflectivity  vs  grazing  incidence  angle  (milliradians)  for  three 
high  optical  quality  mirror  surfaces,  fused  quartz,  aluminized  fused 
quartz  and  germanium.  Ue  also  found  generally  that  with  well 
characterized  systems  consisting  of  thin  evaporated  films  (20  to  1000  A 
thickness)  upon  fused  quartz,  the  measured  reflectivity  curves  were 
closely  predicted  by  a  three -media  solution  of  Maxwell's  Eq. 

(vacuum-thin  film-fused  quartz  substrate). 

In  order  to  derive  an  accurate  semi-empirical  analytical 
description  for  the  reflectivity  of  a  monochromator  mirror  that 
reflectivity  should  be  measured  at  several  photon  energies  in  the  region 
of  application  to  determine  if  all  are  well  fit  by  the  Fresnel 
analytical  equation.  If  at  all  but,  say,  at  one  photon  energy  are  well 
fit  by  the  Fresnel  Eq.,  the  atomic  scattering  factors,  f^  and  fj,  at  the 
photon  energy  of  the  poor  fit  curve  may  be  adjusted.  If  a  good  fit  is 
thus  obtained  for  that  curve  as  well  we  then  have  a  basis  for 
considering  revising  these  particular  atomic  scattering  factor  values. 
This  procedure  is  particularly  Important  for  photon  energies  very  close 
to  absorption  thresholds  where  condensed  matter  effects  often  prevent 
the  scattering  from  being  "atomic-like". 

In  the  event  that  the  reflectivity  curves  cannot  be  closely  fit  by 
Che  Fresnel  Eq.  for  any  of  the  several  photon  energies,  we  then  cry  to 
fit  the  several  curves  with  a  modified  Fresnel  Eq.  that  is  based  upon  a 
simple  modeling  of  surface  roughness  with  one  or  two  constant  parameters 
determined  empirically.  Finally,  if  a  surface  film,  e.g.  an  oxide 
layer,  is  suspected,  a  better  semi-empirical  analytical  description  may 
be  found  using  a  three-media  E&M  model  solution  for  the  reflectivity. 

Because  of  Che  practical  Importance  of  mirrors  in  x-ray  optics  and 
spectrometry  and  because  their  modeling  can  yield  valuable  insights 
about  interface  structure  and  indeed  about  Che  accuracy  of  available 
optical  constants  and  atomic  scattering  factors,  we  consider  this 
on-going  study  of  mirror  reflectivity  to  be  an  important  effort  to 
continue . 


Characterization  of  multilayer  x-ray  analyzers:  models 
and  measurements 
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Abstract.  A  procedure  is  described  for  a  detailed  characterization  of  multilayer 
analyzers  that  can  be  effectively  applied  to  their  design,  optimization,  and 
application  for  absolute  x-ray  spectrometry  in  the  100  to  10,000  eV  photon 
energy  region.  An  accurate  analytical  model  has  been  developed  that  is  based 
upon  a  simple  modification  of  the  dynamical  Darwin-Prins  theory  to  extend  its 
application  to  finite  multilayer  systems  and  to  the  low  energy  x-ray  region.  Its 
eguivalence  to  the  optical  E&M  solution  of  the  Fresnel  equations  at  each 
interface  is  demonstrated  by  detailed  comparisons  for  the  reflectivity  of  a 
multilayer  throughout  the  angular  range  of  incidence  of  0*  to  90”.  A  special 
spectrograph  and  an  experimental  method  are  described  for  the  measurement 
of  the  absolute  reflectivity  characteristics  of  the  multilayer.  The  experimental 
measurements  at  three  photon  energies  in  the  1 00  to  2000  eV  region  are  fit  by 
the  analytical  modified  Darwin-Prins  equation  (MOP)  for  1(9),  generating  a 
detailed  characterization  of  two  state-of-the-an  multilayers:  spunered  tung¬ 
sten-carbon  with  2d  ■■  70A  and  a  molecular  lead  stearate  with  2d  «  100A. 
The  fitting  parameters  that  are  determined  by  this  procedure  are  applied  to  help 
establish  the  structural  characteristics  of  these  multilayers. 

Sub/ect  terms  n  fttY  multilayered  optics:  low  energy  x  rays,  x-ray  spectroscopy:  x-ray 
rellection.  sputtered/ evaporated  muHiiayars:  Langmuir-Blodgett  multilayers 
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I.  INTRODUCTION 

X-ray  physics  and  technology  have  been  considerably 
advanced  in  the  past  decade,  as  demanded  for  the  develop¬ 
ment  and  application  of  the  new,  high  intensity  x-ray  generat¬ 
ing  sources  of  synchrotron  and  high  temperature  plasma 
radiations.  These  have  important  applications,  for  example, 
in  the  material  sciences  and  in  the  research  and  development 
of  fusion  energy  and  now  of  x-ray  lasers.  Along  with  these 
developments  has  arisen  a  considerable  need  for  accurate, 
absolute  x-ray  spectrometry. 


Invited  Paper  XR-104  reeeived  Dec.  I.  1985:  revised  manuscript  received 
March  19.  1986;  accepted  for  publicaiion  March  19.  1986;  received  by  Man¬ 
aging  Ediior  March  21.  1986.  This  paper  is  a  revision  of  Paper  56.t-W  which 
was  presenied  ai  ihe  SPIE  conference  on  Applications  of  Ihin-Kilm  Multi¬ 
layered  Structures  to  Figured  X-Rav  Optics.  Aug.  20-22.  1985,  San  Diego. 
Calif.  The  paper  presented  there  appears  (unrefereed)  in  SPIE  Proceedings 
Vol  56) 
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For  efficient  x-ray  analysis  in  the  100  to  10.000  eV  region  (I 
to  100  A  range),  an  important  class  of  analyzers  may  be 
applied  that  utilizes  Bragg  reflection  from  periodic  layer 
structures  that  are  parallel  to  the  analyzer  surface.  These 
analyzers  can  be  constructed  in  sufficiently  thin  sections  to 
allow  their  effective  application  with  curved,  focusing  optics. 
We  define  these  analyzer  systems  generally  to  be  multUayers 
of  the  natural  or  synthesized  molecular  types  and  of  the 
synthesized  spunered  or  evaporated  types.  Examples  of  the 
molecular  analyzers  that  we  have  used  effectively  in  the  l<X)  to 
10.000  cV  region  (with  2d  values  of  .3  to  160  A)  are  LiF.  PET. 
mica  (at  third  and  first  orders),  the  acid  phthalates.  and  the 
Langmuir-Blodgett  multilayers.'-' The  sputtered/ evaporated 
types  have  been  “tailored"  in  the  2d  range  of  20  to  several 
hundred  angstroms’*’  of  high  and  low  Z  layers  chosen  from  a 
large  group  of  possible  combinations."  Compared  to  the  high 
density,  more  rugged  sputtered/ evaporated  multilayers  of  the 
same  d-spacing.  the  Langmuir-BloiJgctt  molecular  analyzers 
generally  have  lower  atomic  densities,  lower  integrated  reflec¬ 
tivities.  similar  peak  reflectivities,  and  higher  resolution.  Both 
types  have  important  application  advantages  in  modern  spec¬ 
troscopy.  and  they  arc  definitely  compicmcntarv . 

To  efficiently  design,  optimize,  and  apply  the  multilayer 
analyzers  for  a  given  spectroscopic  measurement,  it  is  of 
considerable  advantage  lo  have  a  fast,  flexible,  and  accurate 
mathematical  model  code  that  describes  the  important  reflec¬ 
tivity  characteristics  and  that  can  be  accommodated  on  a 
small  laboratory  computer  that  may  be  associated  with  the 
spcctrographic  equipment.  We  have  developed  such  a 
mathematical  model  for  multilayer  analyzers  and  apply  it  here 
to  yield  a  detailed  characterization  of  two  state-of-the-art 
large-d-spacing  analyzers:  a  sputtered  tungsten-carbon  ana¬ 
lyzer  (2d  ■■  70  A)  and  a  molecular  lead  stearate  analyzer 

{2d  »  100  A). 


OPTICAL  ENGINEERING  /  August  1 986  /  Vol  25  No  8  /  937 


HENKE.  UEJIO.  YAMAOA.  TACKABERRY 


2.  AN  ANALYTICAL  DESCRIPTION  OF  MULTILAYER 
REFLECTIVITY  FOR  THE  100  TO  10,000  eV  REGION 

We  present  here  an  analytical  expression  for  the  intensity  I 
that  IS  reflected  from  a  system  of  N  periodic  layers  for  incident 
angles.  (9.  throughout  theO®  to90*  range.  It  has  been  obtained 
by  modifying  the  dynamical  theory  of  Darwin-Prins(DP)(for 
reflection  from  an  ideal  crystal  of  an  infinite  number  of  layers) 
to  obtain  a  description  for  N-layer  finite  crystal  reflection  for 
all  angles  of  Bragg  and  total  reflection  and  for  the  x-ray  region 
of  100  to  10.000  eV.  We  intend  this  approach  to  complement 
that  of  the  optical  (E&M)  boundary  value  solution  at  each 
interface  of  the  Fresnel  equations.’  •  In  the  optical  E4M  wave 
solution  (OEM),  the  layer  pairs  are  defined  by  pairs  of  their 
refractive  indicesfn  =  I  -  6  -  i^).  In  our  modified  Darwin- 
Prins  description  (MDP)  the  reflecting  layer  systems  are 
described  as  planes  of  unit  cells  of  stru^ture_factor  F 
(=  F,  +  iFjIandofaverage  scattering  factor  f(=  f,  +  iTj). 
In  Fig.  I  we  present  the  DP  expressions  for  the  amplitudes 
reflected  and  transmitted  at  an  elementary  plane  of  unit  cells 
in  terms  of  the  parameters  s  and  o.  which  have  been  related  to 
T  and  F  by  usingelementary  physicaloptics(see.forexample. 
Compton  and  Allison*  and  James">).  In  the  DP  description  it 
IS  assumed  that  the  fractional  complex  amplitude  that  is 
reflected.  and  the  fractional  complex  amplitude  that  is 
absorbed,  a.  by  the  unit  cell  plane  are  small  compared  to  unity 
(as  IS  generally  required  for  the  practical  multilayer  analyzer 
for  which  the  effective  number  of  interacting  planes  is  large). 

In  the  dynamical  description  of  the  propagation  of  waves 
through  the  multilayer,  all  possible  multiple  reflections  within 
the  layers  must  be  taken  into  account  in  order  to  describe  the 
net  downward  propagating  wave  amplitude.  T,  and  the  net 
upward  propagating  wave  amplitude  S.  This  accounting  has 
been  elegantly  accomplished  by  Darwin  in  his  solution  of  the 
self-consistent  difference  equations  describing  the  process  for 
any  two  adjacent  layers  within  the  semi-infinite  multilayer.*  '® 
This  approach  yields  the  analytical  result  for  the  ratio  of  the 
reflected  to  the  incident  amplitudes.  Sq/Tq.  at  the  surface  of 
the  scmi-inrinitc  multilayer,  which  is  given  by 


(o  +  f)  ^  \/(o  +  f)'  ~ 

The  third  parameter.  introduced  in  this  result,  is  defined  by 


•)  _ 

f  -  - d(sin((  -  MnO.,)  . 

'  A 


(2) 


where,  as  discussed  below.  sin61,  effectively  defines  a  "region 
of  interest"  (given  by  the  Bragg  equation.  mA  =  2dsin^). 
Now .  in  this  DP  difference  equation  solution,  it  is  established 
that  the  net  downward  propagating  wave  at  the  Nr/t  layer  has 
an  amplitude  given  simply  hy  r„.x'.  where  .x  is  defined  by 


X  =  (  -  I  )"'e\p(  -r)|  .  (3) 

where  rj  =  +■  v/  s’  —  (a  +  f)‘  .  I  he  value  ol  x  is  the  result  of 
the  contributing  efiects  of  all  possible  multiple  reflections 
within  the  semi-infinite  multilayer.  (In  77.  the  sign  -(■  or  -  is 
chosen  to  have  its  real  part  be  positive.)  Using  this  result,  we 
derive  in  Appendix  A  a  modifying  factor  to  be  applied  to  the 
reflected  amplitude  ratio  S,,  F„.  given  in  Fq.  { I )  for  the  semi- 
infinite  multilayer,  to  obtain  the  required  amplitude  reflection 


W  m  UNIT  CELLS/UNIT  AREA  OF  STRUCTURE  FACTOR.  F,  -t-  iFj. 
AND  OF  AVERAGE  SCATTERING  FACTOR,  fj  t  ifj.  PER  UNIT  CELL 

,  'j  .  Fi  4-  iFo 

-<T  =  mr„X - AND  -S  ^  mr  X  - ^  P{29) 

PltOI  '  I  OR  cn^  ?9  FOR  TMF  TWO  POl  ARIZFD  OOMPONFNTS 

Fig.  1.  Dafinition  of  tha  tmall  absorption  and  raflaction  amplituda 
fractiona  o  and  a  at  aach  plana  of^nit  calls  of  tha  multilayar  in  tarms 
of  tha  avaraga  acattaring  factor  f  and  tha  structura  factor  F  for  tha 
unit  call,  and  thair  araa  danaity  m. 

ratio  So;^/T„  for  the  finite  multilayer  of  N  layers  This  is  given 
by 


T„  T„  I  -(S„,T„)’x’' 

Alsoderived  in  Appendix  A  istheamplitude  ratio  Ton /To  that 
is  transmitted  through  the  N-layer  system.  This  is  given  by 

Ton  (I- (So/To)  V 

T„  “  l-(S,/T,)^x^^ 

In  the  usual  way.  the  intensity  ratio  that  is  reflected  or 
transmitted  for  unpolarized  incident  x-radiation  is  obtained 
hy  taking  one-half  of  the  sum  of  the  moduli  squared  of  the  two 
polarization  component  amplitudes  as  obtained  from  Eqs.(4) 
and  (5).  by  setting  P{2d)  equal  to  unity  and  to  cos2fl. 

As  may  be  easily  shown,  the  reflected  intensity  will  be  large 
only  when  the  parameter  f  is  small  and.  therefore,  for  the 
angular  regions  for  which  6  *=  0„  in  this  parameter  f  fl,,  i> 
defined  by  the  Bragg  relation 

mA  =  2dsin9„ 

(m  =  0  for  the  small-angle  Fresnel-rellection  region;  m  =  I 
for  the  first-order  diffraction  line;  m  =  2  for  the  second- 
order  diffraction  line.  etc.).  To  apply  this  intensity  function 
continuously  for  the  total  angular  range  0°  to  W”.  we 
automatically  set  m  to  be  that  integer  that  is  nearest  to  the 
value  of  (2dsin0)/'  X  in  our  code. 

By  using  a  structure  facjor.  F. and  an  average  value  of  the 
atomic  scattering  factor,  f .  calculated  by  relations  given  in 
the  next  section,  we  have  applied  this  modified  Darwin-I’rins 
result  (MDP)  to  calculate  l(fi)  for  a  sharply  defined,  pure 
tungsten-carbon  (W-C)  multilayer  of  d-spacing  =  .15  A  and 
I’  =  O.dd'istheratiooftheheavylayerthicknesstothetotal 
d  thickness  of  the  layer  pair).  A  plot  of  l(fl)  for  the  incident 
photons  of  Cu-L„  (930  eV/ 13.3  A)  that  includes  the  small 
angle  Fresnel  region  and  the  first-order  diffraction  line  is 
shown  in  Fig.  2  fora  number  of  layer  pairs.  N.  equal  to  100  In 
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dafinad  tungatan  layar  of  thicknaai  aqual  to  Pd.  with  P  =  0.4. 
N  -  100.  Inthacorratpondingaxporimantallymaaturadraflactivity 
curva,  four  charactariitic  valua*  ara  datarmined  for  aach  photon 
anargy:  tha  total  raflaction  cutoff  angla  9^  (at  lg/2|,  tha  intagratad 
raftactivity  R ,  tha  paak  raflactivity  P,  and  tha  FWHM  at.  at  ona  or  mora 
diffraction  ordara. 

Figs.  3  and  4  we  compare,  in  detail,  the  total  reflection  region 
and  the  first-,  second-,  and  third-orderdiffraction  line  intensi¬ 
ties  for  this  W-C  multilayer,  as  calculated  by  this  MDP  model 
(solid  lines),  to  those  calculated  by  the  optical  E&M  (OEM) 
mode!  (dashed  lines)  for  N  =  100  and  N  =  30,  respectively, 
to  illustrate  the  equivalence  of  the  two  models  in  this  low 
energy  x-ray  region.  Similarly,  we  compare  in  Fig.  5  the 
intensities  reflected  by  the  multilayer  of  N  =  100  at  and  near 
90°  (normal  incidence). 

3.  MEASUREMENT  OF  MULTILAYER  REFLECTIVITY 

The  detailed  characteristics  of  the  multilayer  reflection  as 
predicted  in  Fig.  2  are  experimentally  measured  by  a  specially 
designed  vacuum  spectrograph  that  is  schematically  described 
in  Fig.  6.  A  fine  slit  and  filter  are  positioned  at  the  isolation 
gate  window  of  one  of  our  demountable  x-ray  tubes"  to 
provide  a  strong,  characteristic  line  source  in  the  100  to  10,000 
eV  region.  The  multilayer  is  mounted  with  its  surface  on  the 
axis  of  a  precision  6-20  goniometer.  A  sharply  defined  inci¬ 
dent  beam  is  restricted  to  a  small  sampled  region  of  the 
multilayer  by  a  razor  blade  edge  placed  close  to  its  surface. 
The  angular  resolution  of  the  measurement  is  set  by  the  diver¬ 
gence  of  the  incident  beam  and  essentially  by  the  slit  width  at 
the  x-ray  source  that  is  120  cm  from  the  goniometer  axis.  It  is 
typically  set  to  an  angular  resolution  width  that  is  small 
compared  to  the  diffraction  line  width  of  the  multilayer  ana¬ 
lyzer.  The  reflected  beam  is  measured  by  a  subatmospheric. 
gas-flow-proportional  counter.  The  counter  has  a  window  10 
cm  from  the  goniometer  axis:  the  width  of  the  window  is 
about  one-third  that  of  the  multilayer  analyzer.  The  counter 
also  has  a  slit  height  that  is  large  compared  to  that  of  the 
reflected  beam.  The  effective  incident  beam  is  limited  in  width 
by  the  projection  of  the  opening  at  the  razor  edge  and  is 
therefore  proportional  to  cos6,  as  noted  in  Fig.  6. 

After  the  onset  of  the  measured  Fresnel-reflection  region 
and  ai  6  =  0,  there  usually  appears  an  inflection  point  in  the 
intensity  at  lo/2.as  illustrated  in  Fig.  6  (and  in  the  experimen¬ 
tal  plots  of  Fig.  13).  This  onset  feature  determines  the  incident 
intensity  Ig  and  the  zero-angle  position  of  the  spectrograph. 


Fig.  3.  Comparifon  of  tha  MOP  calculated  reflectivity  of  tha 
N  =  100  multilayer  described  in  Fig.  2  (solid  lines)  with  that  calcu¬ 
lated  by  the  optical  £&  M  modal  ( dashed  lines)  for  the  total  reflection 
region  (m  =  0)  and  for  the  first  three  diffraction  orders  (m  = 
1,2.  3). 


Fig.  4.  Detailed  calculation  comparisons  as  for  Fig.  3  but  with 
N  =  30. 


Fig.  5.  Detailed  calculation  comparisons  as  described  for  tha  100- 
layer  system  of  Fig.  2  but  in  the  region  of  normal  incidanca.  Note  tha 
sensitive  "tuning"  by  varying  tha  photon  energy  T  1%  from  that 
yielding  the  maximum  normal  incidence  raflactivity  (OEM-dashed 
linaa). 
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Fig.  8.  (a)  Tha  apactrograph  gaomatry  uaad  for  tha  maaauramam  of 
multilayar  raflactivity  in  tha  ragion  0°  to  70”  and  (b)  tha  charactaria- 
tie  inflaction  point  in  tha  intanaity  diatribution  at  8  =  0  and  at  lg/2 
(tharaby  dafining  tha  laro  angla  poaition  of  tha  goniomatar  and  inci- 
dant  intanaity  IgCoatf).  Attar  tha  lg/2  point,  tha  contribution  of  tha 
raflactad  intanaity  cauaaa  a  changa  in  alopa.  which  ia  graatar  aa  tha 
raal  mirror  raflactivity  P(%)  for  thaaa  amall  anglaa  daparta  from 
100%. 


The  angular  full-width-at-half-ma.ximum  (FWH  M)  of  the 
diffraction  line  profile  (in  6)  may  be  simply  determined  in 
tei^ms  of  the  experimentally  measured  width  <u,,  the  Gaussian 
instrumental  width  g.  and  the  Lorentzian  emission  line  width  t 
by  the  expression  '■ 


where  t  is  given  by 


AE 

t  =  —  tan^o  .  (8) 

for  which  the  x-ray  source  line  of  photon  energy  E  has  an 
effective  energy  width  of  AE. 

The  integrated  reflectivity  is  determined  by  the  total 
number  of  counts  collected.  N,.  as  the  diffraction  line  is 
scanned  at  an  angular  rate  in  d  of  u^,  by  the  relation" 


l„cos8 


(9) 


The  experimental  peak  reflectivity  P,  is  measured  as  the 
ratio  of  the  intensity  at  the  peak  of  the  diffraction  profile 


divided  by  the  incident  beam  intensity  IgCosd.  Assuming  the 
shape  of  the  true  diffraction  profile  is  essentially  the  same  as 
that  of  the  experimentally  measured  profile,  the  area  under 
the  profile.  R  (integrated  reflectivity),  is  equal  to  KwP  or 
Kiu,P,.  where  K  isa  shape  factor.  We  may  therefore  obtain  an 
estimate  of  true  peak  reflectivity,  P,  by  the  relation 


Sole:  It  IS  required  that  the  value  used  in  these  measure¬ 
ments  be  for  only  those  incident  photons  of  energy  that  are 
within  the  characteristic  line  being  measured  Low  energy 
background  photons  can  usually  be  eliminated  by  an  appro¬ 
priate  filter.  The  high  energy  photon  background  iseffectively 
eliminated  by  the  pulse  height  discrimination  of  the  propor¬ 
tional  counter.  For  our  measurements,  the  Fresnel-reflection 
region  through  several  orders  of  diffraction  lines  is  measured 
at  appropriate  normalized  x-ray  intensities,  recorded,  and 
displayed  with  a  multichannel  analyzer  (MCA).  This  spec¬ 
trum.  along  with  the  associated  pulse  height  spectrum  for  the 
detector,  provides  an  accurate  check  on  the  possible  presence 
of  any  significant  background  radiation  that  may  need  to  be 
further  eliminated  literally  or  by  correction.  The  MCA  is 
programmed  to  permit  an  immediate  determination  for  each 
diffraction  line  of  its  centroid  position  0,,  FWHM  cu,.  peak 
reflectivity  P,.  and  integrated  reflectivity  R.  These  data  and 
the  spectra  are  transferred  from  the  MCA  to  a  small  computer 
for  the  final  semiempirical  characterization  of  the  multilayer. 

4.  FITTING  THE  MDP  MODEL  TO  EXPERIMENTAL 
MEASUREMENTS 

To  obtain  an  absolute,  detailed  characterization  of  a  given 
multilayer  using  the  MDP  model,  it  is  required  to  define  for 
the  unit  cell  its  average  scattering  factor  f  and  the  structure 
factor  F.  thereby  determining  the  oand  s  material  parameters 
of  the  MDP  intensity  relations.  These  may  be  determined  by 
using  an  appropriate  unit  cell  modeland  by  requiring  that  the 
result.  1(0).  precisely  fit  the  experimental  data  for  several 
photon  energies  at  the  characteristic  values  of  R.  P.and  cufor 
'“veral  diffraction  orders  (defined  in  Fig.  2).  We  illustrate  this 
procedure  for  the  characterization  of  two  types  of  multilayers, 
the  sputtered  tungsten<arbon  (W-C)  multilayer  and  the 
molecular  Langmuir-Blodgett  (LB)  multilayer. 

4.1.  Characterization  of  a  sputtered  W-C  multilayer 

We  shall  assume  that  a  transition  layer  of  both  tungsten  and 
carbon  atoms  may  exist  between  pure  tungsten  and  pure 
carbon  regions  of  the  multilayer,  as  depicted  in  the  unit  cell 
model  shown  in  Fig.  7.  (Such  a  transition-layer  model  may  be 
applied  to  account,  for  example,  for  an  interface  roughness ' ' 
or  a  uniform  distribution  of  W  and  C.)  We  shall  assume  here 
that  this  transition  layer  may  be  described  as  the  chemically 
bonded  compound  WC,  as  suggested  by  Auger  eleetron  anal¬ 
yses  of  W-C  multilayers." 

For  such  a  uniform  transition  layer  model,  the  mass  per 
unit  area  for  the  light  x-component(C),  M,.and  the  mass  per 
unit  area  for  the  heavy  y-component  ( W),  M^.  that  arc  origi¬ 
nally  deposited  in  the  construction  of  each  layer  may  be 
related  to  the  mass  densities  p,.  p^.  and  p,  and  to  the  fractional 
thicknesses  and  r,  for  the  y  ( Wyand  /.(WC)  components  as 
follows; 
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(DENSELY  PACKED) 


2 

/  (nf|tnf')cos(l2T|sin^)dz 
-f/2  X 


*"2 

/  (nfj  t  n  )  cosdZLl  sin0)d2 


^2 


n,n'  =  No  Densities  of  Heavy, 
Light  Atoms  at  Position  z 


m  =  No  of  Unit  Cells  Per  Unit  Area 

Fig.  7.  The  tymmatric  unit  call  that  hat  baan  chotan  to  modal  a 
two-alamant  tputtarad/avaporttad,  high-atomic  dantity  multilayar 
wth  tha  pottibility  of  having  a  trantition  layar  intarfaca  ttructura. 
With  N  ralativaly  larga.  tha  affactt  of  fractional  layart  at  tha  multi- 
layar  turfacaa  and  of  a  tubatrata  ara  usually  nagligibla.  Oafinad  hara 
ara  tha  ganaral  intagralt  for  F,  and  Fj  for  any  tymmatrical  distribu¬ 
tion  of  tha  haavy  and  light  alamants  n|z)  and  n'(z),  raapaetivaly. 


M,  =  (1  -  -  r,)p,d  + 

/\\ 

=  r;p^d  -I-  r,p,d^— j  , 


(11) 

(12) 


where  d  is  the  thickness  of  the  layered  system  and  A,,  A,,  and 
A,  arc  the  atomic  or  molecular  weights.  And  for  the  general¬ 
ized  symmetric  description  shown  in  Fig.  7,  ( I  ~  Ty  —  r,)d, 
Pyd,  and  r,d  are  the  total  thicknesses  of  the  carbon,  tungsten, 
and  tungsten  carbide  layers,  respectively.  We  estimate  the 
mass  densities  p,  (for  amorphous  carbon),  Py(tungsten),  and 
p,  (tungsten  carbide)  to  be  2.0,  19.3,  and  15.6  g•cm~^ 
respectively. 

For  this  WC  transition  layer  model,  as  suggested  in  the 
relations  presented  in  Eq.  ( 1 1 ).  accurately  known  values  of 
and  M^,  along  with  those  for  the  d-spacing  and  the  mass 
densities  p,,  p^.  and  p,,  will  allow  the  determination  of  the 
structural  parameters  and  F,.  [F,  =  I  —  (Fy  +  F,).] 
These,  in  turn,  m^y  be  applied  to  determine  the  average 
scattering  factor  mf  and  the  structure  factor  mF  per  unit  area 
of  the  unit  cell  layer  depicted  in  Fig.  I  and  therefore  to 
determine  the  essential  optical  parameters,  a  and  s.  Usually, 
however,  the  amounts  of  the  light  and  heavy  elements  that  are 
deposited  per  unit  area.  M,  and  My,  are  not  accurately 
known,  and.  as  described  below,  these  values  or  their  equiva¬ 
lent  parameters  I\  and  F,  are  determined  by  fitting  the  model 
reflectivity  relations  to  measured  reflectivity  data. 

The  structure  factor  mF  per  unit  area  of  the  unit  cell  layer 
(F  =  F|  +  iF,)  is  defined  by  the  following  integral  (derived 
from  the  general  integrals  presented  in  Fig.  7); 


mF, 


X/4n-zsin0'\ 


J/4n-zsin^\ 
cos  - j  dz 


l\d 


letting  i  =  I  or  2  for  the  real  and  imaginary  components. 
Here  m  is  the  number  of  unit  cells  per  unit  area,  as  applied  in 
defining  a  and  s  in  Fig.  I.  _ 

The  average  scattering  factor  mf  per  unit  area  of  the  unit 
cell  layer  is  equal  to  that  value  of  mF  for  forward  scattering 
for  which  all  atoms  are  scattering_[n  phase  and  their  scattering 
amplitudes  add  directly.  Thus  mf  =  mFfor®  =  0,  and  we 
obtain  from  Eq.  (13) 

ml,  =  n,f,,r,d  -t-  nyfiyFyd  -I-  n,f„r,d  .  (14) 

mT,  =  n,fj,r,d  +  OyfjyFyd  +  n,f,,r,d  .  (15) 

Here  n,.  Oy.  and  n,  are  the  number  of  atoms  or  molecules  per 
unit  volume  of  atomic  or  molecular  scattering  factors  f|,  +  if,^. 
^iv  f|/  ‘^2/'  respectively  (n,  --  N|,p,/A,,  Oy  = 

NflPy  ' Ay.and  n,  =  Npp,/ A,,  where  Nq  is  Avogadro's  number 
and  A,.  Ay,  and  A,  are  the  atomic  or  molecular  weights). 

Inside  the  multilayer,  as  a  result  of  refraction,  the  angle  of 
incidence  and  the  wavelength  at  a  unit  cell  plane  must  be  the 
refraction-modified  values  O' and  X'.  The  angle  of  refraction  ff 
and  the  modified  wavelength  that  must  be  used  in  the 
description  of  the  wave  interference  within  the  multilayer  are 
given  by  Snell’s  law,  cosB/cosff  =  I  —  6  =  X/X'.  We  use 
here  only  the  real  part  of  the  refractive  index,  I  -  6.  because  it 
can  be  shown  that  for  x-ray  refraction  effects  the  first-order 
terms  in  0  cancel.  In  the  model  description  of  multilayers  in 
the  low  energy  x-ray  region  where  refraction  effects  become 
significant,  we  replace  the  ratio  (sin9)/X  that  appears  in  the 
structure  factor  F  by  iiinff)/  X'  [in  the  cosine  function  of  Eq. 
(I3)J.  In  terms  of  dand  X,  we  may  easily  obtain  from  Snell’s 
law  the  relation 


sins' 

~T~ 


sing  -I  /  26-6^ 

X  y  *  sin^S 


(16) 


where  8  =  (roX^m/27rd)  f , .  Equation  ( 13)  is  integrated  to 
yield 

ivdf 

mF,  =  -  sin'ffF,) 

If  ^ 


n^df,^ 

+  — ~ —  IsinficfFy  +  F,)]  —  sin(Krj)| 

+  -  jsinx  —  sin[if(r„  +  r,))|  .  (17) 

where  k  =  (27TdsinS')/ X'  and  where  i  =  I  or  2  for  the  real 
and  imaginary  components. 

Note:  Because  multilayer  analyzers  normally  have  a  rela¬ 
tively  large  number  of  layers,  N.  to  produce  the  desired  resolu¬ 
tion.  it  is  usually  sufficiently  precise  to  model  the  analyzer  by 
N  layers  of  symmetric  unit  cells,  as  defined  in  Fig.  7,  The 


ii 


ZHx'.xJ'cos 


^47rzsinS' j 


dz  . 


d 


(13) 
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reflection  effects  of  fractional  layers  at  the  boundaries  and  of  a 
substrate  can  usually  be  considered  negligible. 

We  fit  our  analytical  model  to  the  experimental  integrated 
reflectivities  at  three  photon  energies  and  at  the  first  three 
diffraction  orders,  if  present,  by  varying  P,  and  P,.  These  fits 
are  verified  by  comparing  the  calculated  and  the  experimental 
secondary  values  of  cuand  P  for  the  several  diffraction  orders. 
As  noted  above,  M,  and  values  are  uniquely  determined 
by  the  values  of  I\.  P,.  and  d  (given  p,,  p^.  and  p,).  The 
absolute  value  of  the  d-spacing  is  obtained  from  the  measured 
d,  values  defined  by  the  Bragg  equation  (mA  =  2d,sind) 
using  Eq.  ( 16)  to  obtain  the  relation 


Here  again  we  need  use  only  the  real  part  of  the  complex 
refractive  index,  I  —  6.  because  it  may  be  shown  that  the 
terms  involving  ^become  negligibly  small  for  the  x-ray  region 
of  interest  here.  To  calculate  the  absolute  d-spacing,  we 
simply  linearly  extrapolate  a  plot  of  the  measured  values  of  d, 
versus  csc^O.  using  the  relation  from  Eq.  (18).  d,  =  d  — 
Mcsd0.  An  example  of  such  a  least  squares  fitting  and 
extrapolation  is  shown  in  Fig.  8. 

For  a  determination  of  the  atomic  scattering  factors,  we 
have  recently  developed  state-of-the-art  tables  of  f,  and  fj  for 
Z  =  I  tc  94  and  for  photon  energies  100  to  2000  eV. '5  These 
tables  have  been  established  by  numerically  calculating 
atomic  scattering  factors  using  the  Kramers-Kronig  disper¬ 
sion  relations  with  our  compilation  of  the  available  photo- 
absorption  data  above  30  eV.  By  use  of  the  numerical 
procedures  and  the  photoabsorption  data  base  from  Ref.  15. 
these  scattering  factor  tables  have  recently  been  extended  to 
10.000  eV.''’  These  atomic  scattering  factors  can  be  used  to 
predict  precisely  the  multilayer  reflection  characteristics,  but 
only  for  photon  energies  outside  the  regions  near  the  absorp¬ 
tion  thresholds  and  above  about  100  eV.  where  the  atoms 
within  the  solid  can  be  expected  to  respond  in  an  “atomic- 
like'”  manner.  Near  the  thresholds  one  may  expect  the  pho¬ 
toabsorption  to  be  strongly  affected  by  molecular  orbital 
resonances,  E  X  A  FS.  etc.  An  example  of  a  dramatic  threshold 
effect  is  the  appearance  of  a  strong  and  sharp  reflectivity  spike 
near  the  0-Ko  edge  ( 23,3  A)  for  the  potassium  acid  phthalate 
(KAP)  analyzer.'’  Multilayer  reflectivity  at  absorption  edges 
should  be  determined  by  experimental  measurement.  Never¬ 
theless,  for  the  large  extended  regions  in  the  100  to  10,000  eV 
range,  between  absorption  edges  where  the  multilayer  ana¬ 
lyzers  are  normally  applied,  the  atomic  scattering  description 
applied  here  should  yield  fairly  accurate  predictions. 

Note:  For  only  the  low  energy  x-ray  region  (for  which  the 
wavelengths  are  large  compared  to  the  dimensions  of  the 
atomic  electron ‘‘cloud"around  the  nuclei),  these  atomic  scat¬ 
tering  factors  may  be  considered  angle-independent.  For  the 
wave  reflection  description  within  the  multilayer  for  which  the 
incident  photon  energies  arc  higher  (>  1000  eV)  and/or  for 
the  large  angles  of  reflection,  a  simple  form-factor  correction 
should  be  added  to  f,  for  these  atomic  scattering  factors 
appearing  in  the  structure  factor  F.  (A  simple  correction  is 
described  in  Ref.  15.)  Specifically,  in  the  Darwin-Prins  reflec¬ 
tivity  expression.  Eq.  ( I ).  the  atomic  scattering  factors  f,  in  the 
forward-scattering  parameter  a  arc  for  zero-angle  scattering 
and  require  no  form-factorcorrection.  but  theatomic  scattei  - 


Fig.  8.  Detarminationofthaabaoluted-taacingforaW-C  multilayer 
(N  =  100)  byanaxtrapolationof  thad,vartutctc^dplotfortavaral 
diffraction  ordara  m  of  tha  rafraction  relation  d,  =  d  — Mcac^d 
(d,  =  mX/2  (aind)).  ThaoKparimantal  valuaaforthaavaragaoptical 
conatant  6  for  thia  multilayer  aa  datarminad  from  tha  alopaa  of  thaaa 
linear  plota  are  1.12X10~^  and  4.24X10~*  for  tha  wavalangtha 
13.3  A  and  8.34  A,  raapactivafy. 

ing  factors  f,  in  the  parameter  s.  describing  scattering  in  the  28 
reflection  direction,  must  be  form-factor  corrected.  This  cor¬ 
rection  is  not  included  in  the  optical  E&M  (OEM)  model 
because  in  this  description  it  is  assumed  that  the  wavelengths 
are  large  compared  to  atomic  dimensions. 

With  standard  fitting  procedures,  using  experimental 
values  for  the  integrated  reflectivities  for  the  multilayer  at 
several  photon  energies  and.  if  present,  at  several  diffraction 
orders,  along  with  the  model  relations  Eqs.  (II),  (12),  (14). 
(15),  and  (17),  one  may  determine  the  mass  per  unit  area 
values,  M,  and  NT,  and.  correspondingly,  the  fractional 
thicknesses  T  and  r,.  The  1(0)  function  thus  determined  may 
then  be  tested  by  comparing  the  predicted  results  with  those 
measured  for  the  Fresnel-reflection  characteristics  and  for  the 
diffraction  line  profiles  (P  and  m). 

In  Table  I  and  the  plots  of  Fig.  9  we  present  the  results  of 
such  a  model  fit  fur  a  typical  sputtered  tungsten-carbon  multi¬ 
layer.*  The  present  accuracy  of  the  fitting  by  the  MDPanalyt 
ical  function  1(0)  is  indicated  by  the  experimental  points 
shown  in  the  characterization  plots  of  Fig.  9, 

In  Table  II  are  presented  the  measured  values  of  the  inte¬ 
grated  reflectivities  at  the  several  photon  energies  and  diffrac¬ 
tion  orders,  along  with  their  ratios  to  the  present  fit  values. 
Also  presented,  for  comparison,  are  their  ratios  to  fit  values 
determined  by  assuming  sharp  tungsten<arbon  interfaces 
with  no  transition  layers  present.  We  suggest  that  a  transition 
layer  can  account  for  the  relative  measured  intensities  for  the 
several  diffraction  orders  that  are  not  predictable  by  a  simple 
W-C  model. 

4.2.  Characterization  of  a  molecular  (LB)  multilayer 

In  Fig.  10  we  define  the  structure  factor  F  fora  symmetric  unit 
cell  of  a  i^olecujar  multilayer.  The  scattering  factor  for  this 
unit  cell,  f  (=  f ,  +  ifj).  is  given  by  the  relations 


•I.SM  li3-02l  constructed  by  T.  Barbee  for  the  P-14  X-Ray  Oiagnoslics 
Group.  Los  Alamos  National  Laboratory.  LANL-PI4  have  also  kindly 
loaned  lo  us  for  this  evaluation  a  W-C  multilayer  of  ihe  same  d-spacing. 
»OVLA  0'/0B-2.  constructed  by  Energy  Conversion  Devices  Inc.  These 
multilayers  have  essentially  the  same  refleciivity  characteristics. 
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TABLE  I.  Charactarization  of  a  Sputtered  Tungaten-Carbon  Multilayer 
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where  is  the  number  of  atoms  of  type  q  in  the  unit  cell 
having  the  atomic  scattering  factor  f|^j  +  ifj^. 

For  the  mf  and  mF  values  needed  to  obtain  a  and  s  (see 
Fig.  1),  we  may  use  m  =  I/Aq,  where  Ag  is  the  cross-sectional 
area  of  the  molecular  unit  cell. 

Figure  1 1  shows  the  molecular  structure  and  the  unit  cell 
for  the  lead  salt  of  the  straight-chain  fatty  acids  that  are  used 
in  our  construction  of  molecular  analyzers  of  the  Langmuir- 
Blodgett  type.  The  general  formula  for  the  20  molecules  that 
can  be  used  to  generate  Langmuir-Blodgett  multilayers  is 
[CH,  (CH2)„C00]  ,Pb.  The  d-spacing  in  the  LB  multilayer  is 
approximately  given  by  2.50{n  -h  4)  A.'"  We  have  constructed 
multilayers  in  the  range  n  =  10  to  28  with  2d  values  of  70  to 

160  A. 

To  fit  the  MDP  analytical  description  to  the  experimental 
LB  multilayer  reflectivity,  we  may  adjust  f  and  F  by  slightly 
varying  thearea  density  m(=  I  Ag.  where  \  is  the  molecular 
cross  section),  and  the  fraction  a  of  the  fatty  acid  molevules 
that  have  chemically  combined  with  the  lead  ions  to  form  the 
lead  salt.  It  is  easily  shown  that  the  latter  adjustment  is 
obtained  by  simply  multiplying  the  scattering  factor  fp^for  the 
lead  atom  by  a  where  it  appears  in  the  calculation  for  f  and  F 
(o  *=  1  and  Ag  =  20.5  A^  nominally).  Again,  the  parame¬ 
ters  Ag  and  a  are  \aried  to  obtain  the  "best  fit"  of  the  MDP 
results  for  .he  integrated  reflectivities  R  at  the  firs'  three 


Fig.  9.  Plots  of  tht  intogratod  rsfloctivitv  R  (mrad),  ths  posk  raftseti- 
vHv  P  (%).  th«  FWHM  valuss  w  (mrad),  and  tha  rasolvin(t  powar  E/AE 
for  tha  sputtarad  W-C  multilayar  as  charactarizad  in  Tabla  I.  Pra- 
santad  hara  ara  tha  axparimantal  datarminations  of  tha  parsmatars 
at  thraa  x-ray  linas;  (1)  Mo-M^  (192.6  aV/64.4  A),  (2)  Cu-Lg(930 
aV/13.3  A),  and  (3)  Al-K^  (1487  aV/8.34  A). 


TABLE  II.  Absoluta  Exparimantal  Intagratad  llaflactivity  Valuas  at 
Savaral  Diffraction  Ordars  and  Photon  Eiiorqias— Comparisons  to 
Corrasponding  Fit  Valuas  by  ths  T ransition  Layiir  (W-WC-C)  and  ths 
Purs  (W-C)  Modals 
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diffraction  orders  (when  present)  and  at  several  photon 
energies. 

In  Table  III  and  the  associated  Fig.  !2  we  present  a  detailed 
characterization  of  a  state-of-the-art  lead  stearate  analyzer.* 


•Pb-Slr  (6-5-85  F.t)  conslrucictl  in  ihi>  laboralor>  (set-  Rel\.  1 1  and  19). 
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MOLECULAR  MULTILAYERS 

•^1  =  I  Xp  t''’”®) 

F2  =  ppf2pCOs("i'P"''’®) 

Xp  =  No.  of  p-Atoms  at  Zp 
within  the  Unit  Cell 


Fig.  10.  Definition  of  the  molecular  structure  factor  components  F, 
and  Fj  for  a  symmetric  unit  cell  of  a  molecular  multilayer. 


Also  shown  in  these  plots  are  the  e.xperimenial  measurements 
for  R,  P,  to,  and  E/  AE  at  the  four  photon  energies  192.6  eV, 
277  eV,  930  eV,  and  1487  eV. 


4  J.  Reflectivity  at  small  angles 

To  calculate  the  reflectivity  at  small  angles,  as  noted  earlier, 
we  apply  our  MDP  calculation  for  the  region  approaching 
0  =  0  by  setting  m[=  2d(sinflg)/X]  equal  to  zero.  For  this 
small-angle_ region  of  essentially  only  forward  scattering,  the 
values  of  f  and  F  approach  the  same  value,  and  the  DP 
parameters  a  and  s  become  essentially  equal  in  this  Fresnel- 
refleclion  region.  In  this  region  the  Darwin-Prins  model  and 
our  modified  Darwin-Prins  model  can  be  easily  shown  to 
yield  the  Fresnel-reflection  equation  depending  only  upon  the 
optical  constants  6and  0,  provided  we  make  the  substitutions 
for  the  average  atomic  scattering  factor  terms  f,  and  f 
using  the  relations 


rgX^m 
^  ^  27rd 


P  = 


rgX^m 

2ml 


f| 


(20) 


where  rg  is  the  classical  electron  radius.  These  indeed  are  the 
usu^l  equations  that  relate  the  macroscopic  optical  constants 
6  and  /3  to  the  atomic  scattering  parameters  (e.g..  see  Refs.  9. 
10.  15.  and  19). 

Even  at  larger  angles  than  those  usually  associated  with  a 
"total  reflection"  region,  the  Fresnel  equation  predicts  a 
reflection  tail  that  can  be  shown  in  this  limit  to  become 


<5-  +  P-  j — 

l(Fresnel)  =  -  (or  8  >>  v2S  .  (21) 

4sin‘9 

In  practice,  this  tail  can  be  measured  directly  in  the  absence 
of  any  significant  Bragg  reflected  lines.  When  the  amplitude  of 
a  Bragg  reflection  is  imposed,  a  distortion  of  this  tail  occurs, 
as  is  illustrated  in  the  measured  spectra  shown  in  Fig.  13  for 
two  cases,  with  a  first-order  diffracted  line  near  and  removed 
from  the  region  of  total  reflection.  As  may  be  noted,  the 
principal  effect  upon  the  shape  of  the  diffraction  line  as  it 
approaches  the  total  reflection  region  is  to  distort  the  low 
angle  side  of  the  diffraction  profile.  It  is  for  this  reason  that  we 
have  chosen  as  our  definition  for  the  measurement  of  the 
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Fig.  11.  Unit  call  structure  for  the  lead  salt  of  the  straight-cliain  fatty 
stearic  acid  tliat  comprises  a  molecular  Langmuir-Blodgatt  multi^ 
layer.  Given  this  structure,  the  average  atomic  scattering  factor  f 
and  the  structure  factor  F  are  determined. 


integrated  reflectivity  R  and  of  the  FWHM  oi,  to  measure 
only  the  area  from  the  peak  position  on  the  large-angle  side(a 
range  of  3(u,)  and  the  associated  one-half  width,  which  values 
are  then  doubled  to  define  R  and  w,.  By  this  procedure,  these 
values  are  different  from  those  determined  from  the  total 
profile  only  in  the  angles  of  Bragg  diffraction  near  the  total 
reflection  region.  We  believe  this  procedure  improves  the 
definition  of  R  and  w  for  the  small-angle  region  and  also 
improves  the  speed  of  their  computation. 

It  should  be  noted  here  that  generally,  for  an  optimized 
spectral  measurement,  a  multilayer  should  be  chosen  with  a 
2d  value  that  places  the  spectrum  at  large  Bragg  angles.  It  is 
for  these  angles  that  the  effect  of  the  Fresnel-reflection  tail 
(combined  effect  for  all  wavelengths  present)  is  minimized 
and  ma.ximum  peak-to-background  raLos  are  obtained.  Also, 
for  the  larger  angles  of  Bragg  diffraction,  the  spectral  resolu¬ 
tion  is  less  affected  by  the  instrumental  resolution,  which  is 
usually  fixed  by  sensitivity  requirements  and  is  angle-inde¬ 
pendent.  The  dispersion  and  the  natural  analyzer  FWHM 
increase  with  the  angle  of  diffraction. 

The  background  enhancement  at  small  angles  is  generally 
greater  for  the  sputtered/  evaporated  multilayers  than  for  the 
molecular  multilayers  because  of  their  appreciably  higher 
density  and  correspondingly  higher  5  and  P  values.  This  is 
illustrated  in  the  measured  spectra  of  Fig.  14  for  the  M-series 
of  molybdenum  (the  principal  line.  M(,  is  at  64.4  A;  l92.6eV). 
These  spectra  are  measured  with  multilayers  of  the  same  2d 
values  (=130  A)  of  sputtered  tungsten-carbon  and  of  the 
molecular  lead  lignocerate.  Both  were  of  effectively  infinite 
thickness  for  this  wavelength  region.  Comparative  spectra 
like  those  shown  in  Fig.  14  usually  demonstrate  that  the 
molecular  multilayers  of  the  same  2d  value  have  similar  abso¬ 
lute  peak  reflectivities,  higher  resolving  power,  and  apprecia¬ 
bly  lower  integrated  reflectivities  than  do  the  higher  density, 
sputtered/ evaporated  multilayer  systems. 

5.  SUMMARY 

A  simple  and  accurate  analytical  model  for  the  multilayer 
analyzer  has  been  developed  that  can  be  effectively  applied  for 
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TABLE  III.  Charactariiation  of  a  Molacular  Laad  Staafata  MuHIlayT 
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the  design,  optimization,  and  application  of  multilayers  in 
absolute  x-ray  spectrometry.  It  may  be  applied  ( I )  for  finite 
systems  of  N  layers  and  (2)  for  the  low  energy  as  well  as  the 
conventional  x-ray  region  ( 100  to  10.000  eV).  The  structural 
detail  of  the  multilayer  is  defined  by  a  unit  cell  that  in  turn 
allows  a  determination  by  simple  mathematical  formulae  of 
the  model  parameters,  which  are  the  average  scattering  factor 
T  and  the  structure  factor  F.  These  parameters  and  m,  the 
area  density  of  the  unit  cells,  are  the  only  material  parameters 
that  are  required  for  the  MOP  description. 

By  fitting  the  MOP  model  to  the  experimental  measure¬ 
ments.  as  described  here,  we  are  able  ( I )  to  obtain  a  det.ailed 
analy  tical  characterization  of  a  given  multilayer  analyzer  as 
based  upon  measurements  at  only  a  few  photon  energies  and 
(2)  to  gain  some  important  insights  as  to  the  structure  of  the 
multilayer. 

We  are  looking  forward  to  improving  the  oserall  accuracy 
of  the  characterization  procedures  described  here  as  we  obtain 
multilayers  of  higher  perfection  and  more  accurate  photoab¬ 
sorption  data,  which  are  needed  for  the  determination  of  the 
atomic  scattering  factors. 
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7.  APPENDIX:  MDP  FINITE  MULTILAYER  MODEL 
DERIVATION 

The  Darwin-Prins(  DP)  solution  for  the  ratio  of  theamplitude 
reflected  to  that  incident,  Sg/  Tg,  at  the  vacuum  interface  of  a 
semi-infinite  multilayer  also  established  that  the  phase  and 
effective  attenuation  of  the  net  amplitude  for  a  wave  propa¬ 
gating  into  the  semi-infinite  crystal  through  N  layers  may 
simply  be  expressed  as  Tgx'.  x  being  given  by  the  relation 
X  =  (  -  |)"'cxp(-n).  where  n  =  ^  vs’  —  ( o  +  f )^  and  is 
the  result  of  the  effects  of  all  possible  multiple  reflections  and 
transmissions  occurring  within  the  semi-infinite  multilayer. 
(The  +  or  —  sign  for  rj  IS  chosen  by  the  requirement  that  its 
real  part  be  positive.) 

The  amplitude  reflection  ratio  ..i  the  fiih  layer,  corre¬ 
sponding  again  to  a  boundary  at  an  infinitely  deep  crystal, 
must  also  be  Sg/  Tg.  and  therefore  the  upward  propagating 
wave  amplitude  at  the  N/A  layer  must  be  SgX^.  as  depicted  in 
Fig.  Al(a).  To  obtain  the  reflection  ratio  for  a  finite  multilayer 
of  N  layers,  we  need  to  eliminate  the  boundary  condition  of  an 
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effect  of  the  wave  interaction  of  the  infinite  multilayer  below 
the  Sih  layer.  Let  us  reverse  the  roles  of  downward  and 
upward  waves  in  Fig.  A  1(a)  by  inverting  the  reflection  geome* 
try  of  (a),  as  shown  in  (b).  Now  by  multiplying  each  boundary 
wave  amplitude  indicated  in(b)  by  the  same  constant  factor. 

Tq,  we  obtain  another  consistent  set  of  values  for  the 
boundary  waveamplitudes.asdepicted  in(c).  withan  incident 
wave  from  below  of  amplitude  Sgx'  and  equal  to  that  in  (a). 

We  now  subtract,  by  a  superposition,  the  two  boundary 
wave  solutions  depicted  in  (a)  and  (c).  obtaining  the  boundary 
amplitudes  indicated  in  (d)and.  with  the  net  upward  propa¬ 
gating  wave  at  the  lower  boundary  equal  to  zero,  the  required 
boundary  condition  for  the  finite  crystal  of  N  layers. 

Finally,  by  dividing  each  amplitude  in  (d)  by  the  incident 
amplitude  Tgll  -  (Sq/ Tgl^x^'].  we  obtain  the  amplitude 
ratio  for  finite  multilayer  reflection  and  for  finite  multilayer 
transmission,  as  was  given  in  Eqs.  (4)  and  (5).  vi/.. 

^  I  ~  x'^ 

T,  “  Tg  I  -  (Sg 

Tqs  ^  [I  -(S,/ T,)V 
To  ■  I  -(So/To)'x-' 

These  analytical  results  combined  with  Eq.  (I)  are  accurate 
and  adaptable,  have  an  appreciably  higher  computational 
speed  and  ease  of  programming  than  do  the  usual  optical 
EAM  (OEM)  methods,  and  may  be  applied  with  a  small 
laboratory  computer  having  complex  number  arithmetic 
capability. 

The  equivalence  of  the  MDPand  theOEM  modeisfor  low 
energy  x  rays  has  been  demonstrated  here  by  detailed  compar- 
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ison  plots  (shown  in  Figs.  3  to  5).  In  recent  reports  by  Lee^® 
and  by  Perkins  and  Knight.*'  the  equivalence  of  the  DP 
difference  equation  and  the  OEM  approaches  has  been  dem¬ 
onstrated  by  a  formal  rewriting  of  the  latter  into  closed  form. 
We  are  pleased  to  note  that  coincident  with  our  presentation 
of  the  above  derivation  of  the  MDP  results.  Eqs.  (4)  and  (S). 
Spiller  and  Rosenbluth’’  have  presented  their  derivation  of 
the  same  relations  as  developed  from  the  OEM  solution  [see 
their  Eqs.  (AI3)  and  ( AI4)]. 

This  MDP  phenomenological  description  that  we  have 
presented  here  can  effectively  provide  the  basis  for  a  better 
understanding  of  the  physical  nature  of  multilayer  reflection. 

Finally,  as  noted  earlier,  we  believe  that  our  M  DP  model  is 
more  accurate  at  the  higher  photon  energies  ( >  1000  eV)  than 
the  OEM  model,  which  does  not  include  the  angle  dependence 
of  the  scattered  wave  amplitudes,  which  may  be  large  for  the 
shorter  x-ray  wavelengths.  As  discussed  earlier,  it  is  straight¬ 
forward  to  distinguish  between  forward  and  29  scattering  in 
the  MDP  solution  by  inserting  angle-dependent  atomic  scat¬ 
tering  factors  using  a  simple  form-factor  correction. 
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5.  TECHNICAL  NOTES:  LOU  ENERGY  X-RAY  MULTILAYER  ANALYZERS: 
MOLECULAR  AND  SPUTTERED/EVAPORATED 


For  efficient  x-ray  analysis  above  about  500  eV  one  generally 
applies  the  grown  or  natural  crystals  (6).  For  the  lower  photon 
energies,  one  can  apply  at  large  diffraction  angles,  the  constructed 
multilayers  of  the  molecular  or  sputtered/evaporated  types,  and  at  the 
small  diffraction  angles  reflection  or  transmission  gratings  (7).  In 
these  notes,  we  outline  some  of  the  important  characteristics  of  the 
molecular  and  sputtered/evaporated  multilayers  that  we  are  currently 
investigating. 


Molecular  Multilayers 

For  many  years  we  have  been  developing  relatively  high  resolution 
molecular  multilayers  of  the  Langmuir- Blodgett  type.  These  are 
constructed  by  the  repeated  dipping  of  a  substrate  in  and  out  of  a  water 
surface  on  which  is  deposited  a  monomolecular  layer  system  (usually  a 
barium  or  lead  salt  of  a  straight-chain  fatty  acid).  Our  dipping  tank 
is  described  in  Fig.  1  and  the  process  for  generating  one  of  the  usual 
types  of  molecular  multilayers  is  described  in  Fig.  2.  In  this  way, 
very  regular  periodic  structures  are  formed  consisting  of  thin,  high 
electron  density  double-atomic-layers  of  cations,  e.g.  barium  or  lead, 
separated  by  a  low  density  carbon  chain  matrix.  Using  a  series  of 
straight-chain  fatty  acids  we  have  successfully  generated  this  type  of 
multilayer  with  2d-spacings  in  the  70-160  A  range. 

The  energy  response  of  these  molecular  multilayers  can  be 
accurately  predicted  by  our  Modified  Darwin-Prins  (MDP)  model  (4)  using 
a  single  fitting  parameter  that  allows  a  small  adjustment  for  the  area 
density  of  the  multilayers.  The  very  good  fits  between  the  MDP 
analytical  description  and  our  experimental  measurements  are  illustrated 
in  the  plots  of  Fig.  3  for  the  Integrated  reflectivity,  R,  the  peak 
reflectivity,  P,  the  FWHM,  w(rar) ,  and  the  resolving  power,  E/AE,  for  a 
lead  stearate  multilayer.  Once  the  analytical  characterization  of  the 
multilayer  has  been  established  in  this  way,  it  is  often  useful  to  apply 
it  for  the  plotting  of  the  analyzer's  energy  response  (at  a  fixed  Bragg 
angle)  to  a  flat -continuum  radiation.  This  is  shown  in  Fig.  h  for  the 
lead  stearate  analyzer  at  S  -  AO  degrees  with  a  first  order  peak  at 
19A.A  eV  and  with  na  significant  second-order  radiation. 

In  Figs.  5  and  6  we  present  our  modified  Darwin-Prins  (MDP)  plots 
comparing  the  integrated  and  peak  reflectivities  for  three  stearate 
multilayers  using  Ba,  Hg  and  Pb  as  the  cations. 

In  order  to  fit  our  MDP  analytical  characterizations  to  the 
measured  reflectivities  of  the  sputtered  multilayer  systems,  we  have 
found  that  a  two-parameter  adjustment  is  usually  required.  These 
parameters  establish  the  thickness  of  the  heavy  element  layer  and  the 
thickness  of  a  linear  transition  region  which  accounts  for  penetration 


of  Che  heavy  element  Into  the  light  element  layer  and  vice  versa.  Such 
a  fit  Is  illustrated  In  Fig.  7  for  a  vanadium -carbon  sputtered 
multilayer  of  2d-spaclng  similar  to  that  of  the  molecular  lead  stearate 
described  above.  For  comparison  with  the  lead  stearate,  a 
f lat -cont Inuura  response  of  the  sputtered  multilayer  Is  shown  In  Fig.  8 
for  a  fixed  Bragg  angle  of  tf  -  40  degrees.  Finally,  Figs.  9  and  10  show 
the  flat • cont Inuum  response  of  a  real  and  typical  tungsten-carbon 
multilayer  at  a  smaller  fixed  Bragg  angle  of  22.5  degrees  for  the  first 
four  diffraction  orders.  Illustrated  here  Is  the  significant  low  energv 
specularly  reflected  component  resulting  from  an  application  of  the  high 
density  sputtered  multilayers  at  the  smaller  angles. 
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Figure  3.  Characterization  of  a  Molecular  Lead  Stearate  Multilayer 
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Figure  7. 

Characterization  of  a  Sputtered  Vanadium /Carbon  Multilayer 


Rot -Continuum  Response  o£  Vanadium  -  Corbon  (2d  =  96  A) 


6.  TECHNICAL  NOTES 


Tlio  High  Energy  X-Ray  Response  of 
Some  Useful  Crystal  Analyzers 


The  crystal  analyzers  that  are  applied  in  the  SPEIAXS  system  are 
characterized  on  our  l.BI.  calibration  facility  at  several  photon 
energies.  Ue  fit  to  these  experimentally  derived  data  appropriate 
theoretical  analytical  reflectivity  functions  which  then  yield  absolute 
reflectivity  characteristics  for  the  entire  photon  energy  region  of 
application.  Theoretical  crystal  reflectivity  tables  and  curves  are  not 
only  useful  as  an  interpolat ional  basis  but  can  also  provide  important 
insights  as  to  relative  reflection  efficiencies,  existence  and  effect  of 
absorption  edges,  and  generally,  the  appropriateness  of  a  given  crystal 
analyzer  for  analysis  within  a  particular  photon  energy  region. 

Presented  here  are  tabulated  and  plotted  values  for  the  integrated 
reflectivity.  R,  the  peak  percent  reflectivity,  P,  the  FWHM,  w,  and  the 
resolving  power.  E/AE  for  some  natural  crystals  that  may  be  cleaved  or 
cut  with  the  desired  reflecting  planes  parallel  to  the  surface  of  a  chin 
bendable  section  The  crystals  that  are  characterized  are; 


Crystal  (Plane) 

2d(A) 

Diffraction  Orders 

Silicon-Si  (422) 

2.218 

1 

Germanium-Ge  (422) 

2.310 

1 

Lithium  Fluoride-LiF  (220) 

2.848 

1 

Silicon-Si  (220) 

3.840 

1.2 

Florite-CaFj  (220) 

3.862 

1,2 

Germanium-Ge  (220) 

4.000 

1,2 

Lithium  Floride-LiF  (200) 

4 . 026 

1,2 

FloriCe-CaF2  (111) 

6.308 

1.2,3 

Germanium-Ge  (111) 

6.532 

1.3 

Graphite-C  (002) 

6.696 

1,2,3 

PeCaerythriCol-Pet  (002) 

8 , 742 

1.2, 3. 4. 5 

Mica  (002) 

20.000 

1.2, 3, 4, 5 

Rubidium  Acid  Phthalate- 

26.140 

1,2. 3,4,5 

RAP  (001) 

Potassium  Acid  Pthalate- 

26.620 

1.2, 3,4,5 

KAP  (001) 

Thallium  Acid  Pthalate- 

26.620 

1 . 2 . 3 , 4 . 5 

TAP  (001) 

These  crystals  may  be  described  by  symmetrical  unit  cells  of  volume,  V, 
spacing,  d,  and  of  •structure  factor,  Fj  +  ¥2-  For  symmetric  unit  cells. 


The  specific  crystal  planes  being  used  are  normally  specified  by 
their  Miller  indices  (hkl).  When  these  Indices  and  the  crystal 
coordinates  are  kijown,  the  volume  of  the  unit  cell,  V,  is  given  by; 

V  -  abc  y  1  +  2  cos(»  cosfl  cosy  ■  cos^tt  -cas^ft  -  cos^y 
and  d  may  be  iound  from: 

h^b^c^sin^a  -t  k^a^c^sin^/1  ♦  l^a^b^sin^7 
(V/d)^  -  +  2hk  (abc^)  (cos  a  cos  -  cos  y) 

+  2kl  (a^bc)  (cos  ft  cos  y  -  con  o) 

+  21b  (ab^c)  (cos  y  cos  a  ■  cos  /?) 


z/d  is  given  by: 

z/d  -  hx'  +  ky'  +  mz' 

A  constanf  be  added  in  order  to  make  the  z/d  positions  symmetrical 

about  z  -  0.  Note:  For  crystals  with  a  hexagonal  unit  cell,  often 
four-component  Miller  indices  are  used;  this  notation  may  be  converted 
to  normal  Miller  indices  by  neglecting  the  third  component. 


Germanium  2d  -  2. 

Ge  (4,22)  m 


E(eV) 

(mr) 

«p(mr) 

Rp(nir) 

R„(i»r) 

P(%) 

b>(Dir) 

AE(eV) 

E/AE 

5368.  7 

8.2 

1571.0 

4,.  4,970 

99.0 

3.190 

2 

54.1/,.  7 

8  .  1 

14.4.0.0 

0.2993 

1 .069 

96.0 

0.284 

0.20 

26900. 

2 

5898.8 

7.5 

11A4,.0 

0.0714 

0.260 

86.0 

0.075 

0.20 

29400. 

2 

6930.3 

6.4. 

886.0 

0.0285 

0.  135 

70.0 

0.041 

0.23 

29900. 

1 

74,  78.  1 

5 . 9 

801  0 

0.0216 

0.123 

50.0 

0.039 

0.28 

26400. 

1 

804.  /  H 

5  ,  S 

7  30.0 

0.0197 

0. 120 

65.0 

0.032 

0.28 

28500. 

1 

8638 . 9 

5  1 

671.0 

0.0193 

0.123 

79.0 

0.025 

0.27 

31400. 

1 

9884,  4, 

4.  .  4. 

5  74, .  0 

0.0181 

0  131 

89.0 

0.020 

0.30 

32700. 

1 

■5, 


50,000 


Lithium  Klorlde 
LIK 


2d  -  2.8/*8A 

(220)  m  -  1 


E(eV) 

tf<,(nnr) 

g(mr) 

Rp("  ) 

R^(n.r) 

P(») 

ui(mr) 

AE(eV) 

E/AE 

/.35  3 .0 

7.5 

1571.0 

3.9780 

99.0 

2.710 

2.868 

7.3 

1366.0 

0.1312 

1  ,  312 

98.0 

0.116 

0.12 

37500. 

2.776 

-!i5ll  .0 

7.2 

1306.0 

0,1086 

1 .088 

97.0 

0.097 

0.12 

37900. 

2.768 

/.95?  .0 

6.6 

1076.0 

0.0669 

0.686 

96,0 

0.065 

0.12 

60900. 

2.506 

0 

6.0 

936.0 

0,0276 

0  353 

92.0 

0.032 

0.13 

62600. 

2.290 

5899.0 

')  .  5 

830.0 

0,0188 

0.313 

82.0 

0.028 

0.15 

39500. 

2.102 

69  30.0 

6  .  7 

679.0 

0.0156 

0.330 

93.0 

0.019 

0.17 

61800. 

1.789 

7678.0 

6 , 3 

621,0 

0.0152 

0.361 

96.0 

0.017 

0.18 

61300. 

1.658 

CC 

o 

QC 

6.0 

572.0 

0.0168 

0.600 

97.0 

0.016 

0.20 

60600. 

1 .  561 

8639.0 

3  .  7 

528,0 

0.0162 

0.666 

98.0 

0.015 

0.22 

39600. 

1.635 

9886.0 

3  3 

656.0 

0.0129 

0.567 

99.0 

0.013 

0.25 

39000. 

1.256 

R(mr) 


= 

= 

■HH 

HI 

■■ 

■1 

■ 

■ 

s 

WM 

IH 

hh 

■■ 

SI 

40(X»  KXOOO 


E(eV) 


P(%) 


E(eV) 


AE(eV) 


E(eV) 


E(«V) 


silicon  2d  -  3.840A 

SI  (220)  m  -  1 


E(eV) 

tfjj(mr) 

Rp(mr) 

R™(inr) 

P(%) 

w(nir) 

AE(eV) 

E/AE 

a(A) 

3229.0 

9.4 

1571.0 

5.5960 

99.00 

3.890 

3.840 

3692.0 

8.4 

1065.0 

0.0764 

0.186 

72.00 

0.093 

0.19 

19400. 

3.358 

4^66.0 

7.0 

808.0 

0.0336 

0.118 

50.00 

0.062 

0.26 

16900. 

2.776 

4511.0 

7.0 

798.0 

0.0328 

0.117 

50.00 

0.061 

0.27 

16800. 

2.748 

4952.0 

6.4 

710.0 

0.0302 

0.118 

59.00 

0.049 

0.28 

17600. 

2.504 

5415.0 

5.8 

639.0 

0.0300 

0.127 

74.00 

0.039 

0.28 

19200. 

2.290 

5899.0 

5.4 

579.0 

0.0296 

0.139 

82.00 

0.034 

0.31 

19300. 

2.102 

6930.0 

4 . 6 

485  0 

0.0280 

0. 171 

90.00 

0.029 

0.38 

18300. 

1.789 

7478.0 

4.2 

446.0 

0.0269 

0.188 

93.00 

0.027 

0.42 

18000. 

1.658 

8048.0 

3.9 

413.0 

0.0258 

0.206 

94.00 

0.025 

0.46 

17700. 

1.541 

8639.0 

3.7 

383.0 

0.0246 

0.225 

95.00 

0.023 

0.50 

17400. 

1.435 

9886.0 

3.2 

333.0 

0.0222 

0.265 

97.00 

0.020 

0.58 

17100. 

1.254 

8 


Florlte  2d  -  3.862A 

CaFj  (220)  m  -  1 


E(eV) 

9(.(nir) 

eg(mr) 

Rp(mr) 

R™(mr) 

P(%) 

(i>(inr) 

AE(eV) 

E/AE 

a(A) 

3209.8 

11.1 

1571.0 

6.3510 

100.0 

4.370 

3.863 

3691.7 

9.6 

1054.0 

0.1112 

0.682 

89.0 

0.117 

0.24 

15100. 

3.358 

4466 . 3 

7.7 

802.0 

0.0381 

0.095 

49.0 

0.070 

0.30 

14800. 

2.776 

4510.8 

7.6 

792.0 

0.0376 

0.095 

50.0 

0.069 

0.31 

14600. 

2.749 

4952.2 

7.1 

705.0 

0,0361 

0.101 

49.0 

0.064 

0.37 

13300. 

2.504 

5414.7 

6.6 

635.0 

0.0366 

0.110 

65.0 

0.051 

0.37 

14500. 

2.290 

5898.8 

6 . 1 

575.0 

0.0369 

0.122 

75.0 

0.045 

0.41 

14500. 

2 . 102 

6930.3 

5.2 

4  82.0 

0.0359 

0.150 

86.0 

0.038 

0.50 

13700. 

1.789 

CO 

4 . 9 

444 . 0 

0.0349 

0.165 

89.0 

0.036 

0.56 

13400. 

1.658 

8047.8 

4 . 5 

410.0 

0.0337 

0.180 

91.0 

0.033 

0.62 

13100. 

1.541 

8638.9 

4.2 

381.0 

0.0323 

0.195 

93.0 

0.031 

0.67 

12800. 

1.435 

9886.4 

3.  7 

331.0 

0.0295 

0.227 

95.0 

0.028 

0.79 

12500. 

1.254 

FLorlte 

CaF„ 


2d  - 
(220) 


3.862A 
m  -  2 


E(eV) 

^(.(nir) 

tfg(nir) 

Rp(rar) 

R„(rar) 

P(%) 

u 

a 

3 

AE(eV) 

E/AE 

Hk) 

6419.5 

5.6 

1571.0 

2.3530 

99.0 

1.470 

1.931 

6930.3 

5.2 

1184.0 

0.0238 

0.0650 

82.0 

0.026 

0.07 

96400. 

1.789 

7478.1 

4.9 

1032.0 

0  0139 

0.0410 

75.0 

0.016 

0.07 

102000. 

1.658 

8047.8 

4.5 

923.0 

0.0096 

0.0324 

67.0 

0.013 

0.08 

99100. 

1.541 

8638.9 

4.2 

838.0 

0.0073 

0.0290 

53.0 

0.013 

0.10 

87500. 

1.435 

9586.4 

3.7 

707.0 

0.0060 

0.0286 

65.0 

0.009 

0.11 

92400. 

1.254 

200,000, 


IfUIOl 


Germanium 

Ce 


2d  - 
(220) 


E(eV) 

ffg(mr) 

Rp(nir) 

P(%) 

w(mr) 

AE(eV) 

E/4E 

3099.7 

13.4 

1571.0 

9.0260 

99.0 

6.260 

3691.7 

11.6 

997.0 

0.1508 

0.374 

66.0 

0.199 

0.5 

7750 

4A66 . 3 

9.8 

767.0 

0.0771 

0.269 

50.0 

0.143 

0.7 

6760 

4510.8 

9.7 

758.0 

0.0763 

0.269 

50.0 

0.140 

0.7 

6740 

4952.2 

8.9 

676.0 

0.0735 

0.275 

65.0 

0.108 

0.7 

7420 

5414.7 

8.  1 

610.0 

0.0728 

0.295 

76.0 

0.090 

0.7 

7800 

5898,8 

7 .  5 

553.0 

0.0714 

0.321 

83.0 

0.080 

0.8 

7740 

6930.3 

6.4 

464.0 

0.0665 

0.380 

90.0 

0.067 

0.9 

7420 

7478 . 1 

5.9 

427.0 

0.0634 

0,411 

92.0 

0.062 

1.0 

7310 

8047 . 8 

5.5 

395.0 

0.0602 

0.441 

94.0 

0.058 

1 .  1 

7220 

8638.9 

5.1 

367.0 

0.0569 

0.470 

95.0 

0.054 

1.2 

7180 

9886.4 

4.4 

319.0 

0.0501 

0.517 

97.0 

0.046 

1.4 

7220 

Cermanlujn 

Ge 


2d  -  k. 
(220)  n 


E(eV) 

Sg(mr) 

Rp(nir) 

R^(n.r) 

P(%) 

ai(nir  ) 

AE(eV) 

E/AE 

6199.3 

7.1 

1571.0 

3.533 

99.0 

2.380 

6930.3 

6.4 

1107.0 

0.042 

0.1725 

86.0 

0.045 

0.15 

45000 

7478.1 

5.9 

977.0 

0.027 

0.1200 

80.0 

0.031 

0.16 

47300 

8047.8 

5.5 

879.0 

0.019 

0.0988 

71.0 

0.027 

0.18 

45400 

8638.9 

5.1 

800.0 

0.014 

0.0900 

48.0 

0.026 

0.22 

39900 

9886.4 

4.4 

678.0 

0.013 

0.0861 

80.0 

0.016 

0.20 

48800 

2.000 
1.789 
1.658 
1.541 
1.435 


^E(eV) 


00,000 
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R(mr) 


AE(eV) 


E(eV) 

ffg(nir 

3079.0 

10.6 

1571.0 

3692.0 

00 

00 

986.0 

^4466 . 0 

7.3 

761.0 

4511.0 

7.2 

751.0 

4952.0 

6 . 6 

671.0 

5415.0 

6.0 

605.0 

5899.0 

5  .  5 

549.0 

6930.0 

4 . 7 

460.0 

7478.0 

4.3 

424.0 

8048.0 

4.0 

393.0 

863'^. 0 

3.7 

364.0 

9886.0 

3.3 

317.0 

Lithium  Floride 


Rp(nir) 

LIF 

P(%) 

6.0270 

100.0 

0.0859 

0.708 

90.0 

0.0416 

0.555 

68.0 

D.0414 

0.557 

74.0 

0.0408 

0.593 

91.0 

0.0397 

0.657 

95.0 

0.0382 

0.739 

96.0 

0.0345 

0.937 

98.0 

0.0226 

1.047 

99.0 

0.0308 

1.165 

99.0 

0.0291 

1.289 

99.0 

0.0259 

1.556 

99.0 

2d  - 

4.026A 

(200) 

m  -  1 

a)(rar) 

AE(eV) 

E/AE 

>(A) 

4.150 

4.027 

0.094 

0.23 

16000. 

3.358 

0.067 

0.31 

14300. 

2.776 

0.064 

0.31 

14500. 

2.748 

3.050 

0.31 

15800. 

2.504 

0.044 

0.34 

15700. 

2.290 

0.040 

0.39 

15300. 

2.102 

0.034 

0.47 

14700. 

1.789 

0.031 

0.51 

14600. 

1.658 

0.028 

0.55 

14600. 

1.541 

0.026 

0.59 

14500. 

1.435 

0.023 

0.68 

14500. 

1.254 
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Florite 


E(eV) 

tfg(nir) 

Rp(nir) 

R^Cmr) 

3931.2 

8.4 

1571.0 

4.36300 

4466 . 3 

7 . 3 

1076.0 

0.00368 

0.00414 

4510.8 

7 . 3 

1058.0 

0.00331 

0.00371 

4952.2 

6 . 7 

917.0 

0.00154 

0.00172 

5414. 7 

6.? 

813.0 

0.00097 

0.00108 

5898.8 

5  .  7 

720.0 

0.00072 

0.00080 

6930.3 

4  .  ‘3 

603.0 

0.00051 

0.00057 

7478. 1 

4 . 6 

554.0 

0  00046 

0.00051 

8047.8 

4 . 3 

510.0 

0.00042 
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8638.9 

4.0 

4*72 .0 
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<3886.4 

3  .  5 

409.0 

0.00038 

0 . 00044 

2d  -  6.308A 

(111)  m  -  2 


P(%) 

(j(mr) 

AE(eV) 

E/AE 

a(A) 

68.0 

5.9800 

3.154 

21.0 

0.0125 

0.030 

148000. 

2.776 

20.0 

0.0116 

0.029 

154000. 

2.749 

17.0 

0.0064 

0.024 

203000. 

2.504 

16.0 

0.0042 

0.021 

253000. 

2.290 

16.0 

0.0031 

0.021 

288000. 

2.102 

18.0 

0.0020 

0.020 

350000. 

1.789 

20.0 

0.0015 

0.018 

415000. 

1.658 

23.0 

0.0013 

0.019 

o 

o 

o 

1.541 

25.0 

0.0011 

O.OIO 

463000. 

1.435 

32.0 

0.0009 

0.020 

00 

O 

O 

O 

1.254 

t 

AE(tV) 


4000  0.000 


CUV) 


E(#V! 


Florite  2d  -  6 . 308A 

CaF,  (111)  m  -  3 


E(eV) 

tfg(rar) 

Rp(nir) 

P(%) 

u>(nir) 

AE(eV) 

E/AE 

a(A) 

5896.6 

5.8 

1571.0 

2.2570 

77.0 

2.3200 

2.103 

5898.8 

5.7 

1544.0 

0.1936 

0.3385 

77.0 

0.2070 

0.033 

180000. 

2.102 

6930.3 

4.9 

1018.0 

0.0061 

0.0119 

57.0 

0.0092 

0.039 

176000. 

1.789 

7478.1 

4.6 

908.0 

0.0043 

0.0096 

48.0 

0.0078 

0.046 

164000. 

1.658 

8047.8 

4.3 

822.0 

0.0034 

0.0087 

44.0 

0.0068 

0.051 

158000. 

1.541 

8638.9 

4.0 

751.0 

0.0031 

0.0086 

44.0 

0.0060 

0.056 

155000. 

1.435 

9886.4 

3.5 

639.0 

0.0030 

0.0093 

65.0 

0.0043 

0.057 

173000. 

1.254 

Germanium 

Ge 


2d  -  6.532A 

(HI)  m  -  1 


17 


E(eV) 

fig(mr) 

Rp(nir) 

R„(mr) 

P(%) 

AE(eV) 

E/AE 

A  (A) 

1898.^ 

17.2 

1571.0 

14.3300 

48.0 

25.000 

6.531 

2042.4 

17.0 

1193.0 

0.4035 

0.541 

42.0 

0.741 

0.6 

3400. 

6.070 

2165.9 

16.6 

1069.0 

0.2623 

0.363 

38.0 

0.541 

0.6 

3360. 

5.724 

2293.2 

16.2 

975.0 

0.1967 

0.285 

34.0 

0.452 

0.7 

3270. 

5.407 

2622.4 

15.1 

809.0 

0.1321 

0.222 

32.0 

0.336 

0.8 

3120. 

4.728 

2984.3 

13.8 

690.0 

^  0.1196 

0.221 

37.0 

0.267 

1.0 

3090. 

4.154 

3691 . 7 

11.6 

540.0 

'  0.1220 

0.265 

61.0 

0.173 

1.1 

3460. 

3.358 

4466.3 

9 . 8 

439.0 

0.1195 

0.324 

75.0 

0. 140 

1.3 

3370. 

2.776 

4510.8 

9.  7 

434.0 

0.1191 

0  327 

76.0 

0. 138 

1.3 

3360. 

2.749 

4952.2 

8.9 

393.0 

0. 1152 

0.359 

80.0 

0. 126 

1.5 

3290. 

2.504 

5414.7 

8 . 1 

358.0 

0.1104 

0. 391 

84.0 

0.116 

1.7 

3240. 

2 . 290 

5898.8 

7 . 5 

328.0 

0.1051 

0  42  3 

86.0 

0. 106 

1.8 

3190. 

2.102 

6930.3 

6.4 

277.0 

0.0941 

0.486 

90.0 

0.091 

2.2 

3140 

1  .  789 

7478.1 

5.9 

257.0 

0.0888 

0  517 

91  .0 

0.084 

2.4 

3130. 

1.658 

8047.8 

5.5 

238.0 

0.0836 

0. 54  7 

92.0 

0.078 

2.6 

3120. 

1.541 

8638.9 

5.1 

222.0 

0.0785 

0.576 

93.0 

0.072 

2.8 

3130. 

1.435 

9886.4 

4.4 

193.0 

0.0687 

0  622 

95.0 

0.062 

3.1 

3170. 

1.254 

Germanium 

Ge 


2d  -  6.532A 

(111)  m  -  3 


R(mr) 


I 

^(eV) 


E(eV) 

^g(mr) 

Rp(nir) 

R„(nir) 

P(%) 

w(Br) 

AE(eV) 

E/AE 

a<A) 

5694..  5 

7.7 

1571.0 

J .  7040 

82.0 

5  910 

2.177 

5898.8 

7.5 

1307.0 

0.0761 

0.2177 

81.0 

0.082 

0.13 

45300. 

2.102 

6930.3 

6.4 

964.0 

0.0210 

0.0697 

70.0 

0.028 

0.14 

51100. 

1.789 

7478. 1 

5.9 

866.0 

0.0149 

0.0582 

59.0 

0.025 

0.16 

47500. 

1.658 

8047.8 

5.5 

786.0 

0.0119 

0.0539 

45.0 

0.023 

0.18 

43900. 

1.541 

8638 . 9 

5.  1 

720.0 

6.0111 

0.0531 

61.0 

0.018 

0.18 

47700. 

1.435 

9886.4 

4 , 4 

614.0 

0.0105 

0.0551 

81.0 

0.013 

0.18 

55000. 

1.254 

E(tV) 
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Graphite  2d  -  6.696A 

C  (002)  ni  -  1 


E(eV) 

tfg(inr) 

Rp(iiir) 

R™<mr) 

P(%) 

AE(eV) 

E/AE 

a(A) 

1851.7 

17.0 

1571.0 

10.3600 

100.0 

7.090 

6.696 

2042.^ 

15.4 

1135.0 

0  4291 

3.34 

94.0 

0.420 

0.40 

5120. 

6.070 

2165.9 

14.6 

1026.0 

0.2915 

2.45 

92.0 

0.307 

0.4C 

5360. 

5.724 

2293.2 

13.7 

940.0 

0.2154 

2.04 

89.0 

0.250 

0.42 

5480. 

5.407 

2622.4 

12.0 

784.0 

0.1251 

1  75 

50.0 

0.215 

0.57 

4640 . 

4.728 

2984.3 

10.5 

669.0 

0.1202 

1.88 

91  .0 

0.147 

0.55 

5400. 

4.154 

3691 . 7 

8  .  5 

525.0 

0.1097 

2.48 

97.0 

0.113 

0.72 

5130. 

3.358 

44  66 . 3 

7.0 

428.0 

0.0963 

3.29 

99.0 

0.091 

0.89 

5000. 

2.776 

4510.8 

6  4 

42  3.0 

0.0956 

3.34 

99.0 

0.090 

0.90 

4990. 

2.749 

4952.2 

6  .  3 

383.0 

0.0887 

3.83 

99.0 

0.081 

1.00 

4970. 

2.504 

5414  " 

5  8 

349.0 

0.0823 

4  36 

99.0 

0.073 

1.09 

4960. 

2.290 

5898 . 8 

5  3 

319.0 

0.0764 

4.9? 

99.0 

0.067 

1.19 

4940. 

2.102 

69  30  1 

•  5 

270.0 

0.0661 

6.15 

100. 0 

0.056 

1.41 

4920. 

1 .  789 

74  78  .  1 

4 . 2 

250.0 

0.0616 

6.82 

100.0 

0.052 

1.52 

4910. 

1.658 

8047.8 

3  9 

232.0 

0.0575 

7.54 

100.0 

0.048 

1.64 

4900. 

1.541 

8638  4 

3  .  6 

216.0 

0.0538 

8.30 

100.0 

0.045 

1 .77 

4890. 

1.435 

9886.4 

1  2 

188.0 

0  04  7  3 

‘).9  7 

100.0 

0.039 

2.03 

4860. 

1.254 

2000  10.000  2000  O0OO 


EUV) 


CtoV) 


I 

R(mr) 


1 

ACUV) 


Graphite 

2d  - 

6.696A 

C 

(002) 

m  -  2 

F,{eV) 

«g(nir) 

Rp(nir) 

R„(»r) 

P(%) 

u>(rar) 

AE(eV) 

E/AE 

a(A) 

3703.3 

8.5 

1571.0 

3.9200 

100.0 

2.710 

3.348 

4466 . 3 

7.0 

978.0 

0.0372 

0.732 

96.0 

0.041 

0.12 

36500. 

2.776 

4510.8 

6.9 

963.0 

0.0353 

0.711 

95.0 

0.039 

0.12 

36500. 

2.749 

4952.2 

6.3 

845.0 

0.0229 

0.610 

91.0 

0.032 

0.14 

35500. 

2.504 

5414.7 

5.8 

753.0 

0.0182 

0.605 

87.0 

0.027 

0.16 

34600. 

2.290 

5898.8 

5.  3 

679.0 

0.0180 

0.648 

96.0 

0.022 

0.16 

36600. 

2.102 

6930.3 

4 . 5 

564.0 

0.0168 

0.811 

98.0 

0.018 

0.20 

35100. 

1.789 

7478.1 

4.2 

518.0 

0.0160 

0.917 

99.0 

0.016 

0.21 

34800. 

1.658 

8047.8 

3 . 9 

478.0 

0.0152 

1.035 

99.0 

0.015 

0.23 

34500. 

1.541 

8638.9 

3 . 6 

443.0 

0.0144 

1 ,  164 

99.0 

0.014 

0.25 

34500. 

1.435 

9886.4 

3  .  2 

384.0 

0.0130 

1.452 

100.0 

0.012 

0.29 

34200. 

1.254 

I 

— ' 

_ 

4000  0.000 


CUV  I 


_L 

AC 


4000 


>0.000 


FUV» 
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Graphite  Id  -  6.696A 

C  (002)  in  -  3 


E(eV) 

9^(.nir) 

tfgCmr) 

Rp(nir) 

RTB("'r) 

P(%) 

u(nir) 

AE(eV) 

E/AE 

x(A) 

5554.9 

5.6 

1571.0 

2.21000 

100.0 

1.4500 

2.232 

5898.8 

5.3 

1228.0 

0.02937 

0.798 

99.0 

0.0265 

0.056 

106000. 

2.102 

6930.3 

4.5 

930.0 

0.01015 

0.363 

97.0 

0.0119 

0.061 

113000. 

1.789 

7478. 1 

4  2 

837.0 

0.00721 

0.331 

94.0 

0.0101 

0.068 

110000. 

1.658 

804  7 . 8 

3.9 

762.0 

0.00588 

0.331 

89.0 

0.0089 

0.075 

107000. 

1.541 

8638.9 

3.b 

698.0 

0.00582 

0.350 

97.0 

0.0075 

0.077 

112000. 

1.435 

9886.4 

3.2 

597.0 

0.00554 

0.421 

99.0 

0.0061 

0.089 

111000. 

1.254 

R(mr) 


1 

AE(«V) 


Pentaerythrltol 

C(CH20H)^ 


E(eV) 

Sc(nir) 

Rp(inr) 

1418.4 

18.0 

1571.0 

14.2500 

1486.7 

17.2 

1267.0 

0.4647 

1.304 

1740.0 

14.7 

953.0 

0.1494 

0.500 

2042.4 

12.6 

768.0 

0.0872 

0.410 

2165.9 

11.9 

714.0 

0.0845 

0.416 

2273.2 

11.2 

667.0 

0.0840 

0.433 

2622.4 

9.8 

572.0 

0.0822 

0.500 

2984.3 

8.6 

495.0 

0.0780 

0.592 

3691.7 

7.0 

394.0 

0.0684 

0  785 

4466.3 

5.7 

323  0 

0  0591 

1.007 

4510.8 

5.  7 

320.0 

0,0586 

1.020 

4952.2 

5.2 

290  0 

0  0542 

1  .  148 

5414, 7 

4, 7 

265.0 

0,0501 

1.283 

5898.8 

4.3 

243.0 

0 , 0464 

1.427 

6930.3 

3.7 

206.0 

0.0400 

1.739 

7478,1 

3.4 

1910 

0.0372 

1.909 

8047.8 

3  2 

177.0 

0.0347 

2  089 

8638.9 

3  0 

165  0 

0.0324 

2  280 

9886.4 

2  6 

144.0 

0.0285 

2  694 

PET 

2d  - 

8.742A 

(002) 

m  -  1 

P(%) 

w(Mr) 

AE(eV) 

E/AE 

a(A) 

54.0 

14 . 000 

8.741 

81.0 

0.497 

0.23 

6410. 

8.339 

70.0 

0.201 

0.25 

7000. 

7.125 

46.0 

0.164 

0.35 

5870. 

6.070 

64.0 

0.135 

0.34 

6440. 

5.724 

75.0 

C.115 

0.33 

6840. 

5.407 

86.0 

0.092 

0.38 

6970. 

4.728 

91.0 

0.081 

0.44 

6710. 

4.154 

95.0 

0.065 

0.58 

6410. 

3.358 

97.0 

0.053 

0.71 

6300. 

2.776 

97,0 

0.053 

0.72 

6300. 

2.749 

98,0 

0.048 

0.79 

6270. 

2.504 

98.0 

0.044 

0.87 

6240. 

2.290 

99.0 

0.040 

0.95 

6230. 

2.102 

99.0 

0.034 

1.12 

6200. 

1.789 

99.0 

0.031 

1.21 

6190. 

1.658 

99.0 

0.029 

1.30 

6170. 

1 . 541 

99.0 

0.027 

1.40 

6150 

1.435 

100.0 

0.024 

1.61 

6140. 

1  .  254 

CUV) 


P(X) 


C<«V) 


Pentaerythritol 

CCCHjOH)^ 


E(eV) 

«g{ar) 

Rp(nir) 

R„(»r) 

2836.6 

9.1 

1571.0 

4.61300 

2984*.  3 

8.6 

1255.0 

0.03137 

0.0911 

3691.7 

7.0 

876.0 

0.00823 

0.0332 

4t4i66 . 3 

5.7 

688.0 

0.00605 

0.0330 

4510.8 

5.7 

680.0 

0.00605 

0.0333 

4952.2 

5.2 

610.0 

0.00600 

0.0371 

5414.7 

4.7 

551.0 

0.00585 

0.0420 

5898.8 

4.3 

502.0 

0.00564 

0.0477 

6930.3 

3.7 

422.0 

0.00514 

0.0609 

7478.1 

3.4 

389.0 

0.00487 

0.0681 

8047.8 

3.2 

360.0 

0.00461 

0  0759 

8638.9 

3.0 

335  0 

0.00435 

0.0840 

9886.4 

2.6 

291.0 

0.00389 

0  1017 

PET 

2d  - 

8.742A 

(002) 

m  -  2 

P(%) 

u(Br) 

AE(eV) 

E/AE 

Hk) 

78.0 

5.2300 

4.371 

77.0 

0.0346 

0.034 

88500. 

4.154 

62.0 

0.0132 

0.041 

90700. 

3.358 

72.0 

0.0089 

0.049 

92000. 

2.776 

74.0 

0.0086 

0.048 

93600. 

2.749 

o 

00 

0.0073 

0.052 

96100. 

2.504 

89.0 

0.0064 

0.056 

96400. 

2.290 

91.0 

0.0058 

0.063 

93900. 

2.102 

95.0 

0.0049 

0.076 

90700. 

1.789 

96.0 

0.0046 

0.084 

89300. 

1.658 

96.0 

0.0043 

0.091 

88400. 

1.541 

97  0 

0.0039 

0.09  7 

89000. 

1.435 

98.0 

0.0034 

0.113 

87400. 

1.254 

Pentaerythrltol 

CCCHjOH)^ 


E(eV) 

fg(iir) 

Rp(iir) 

Ra(Br) 

4254.9 

6.0 

1571.0 

3.26500 

4466.3 

5.7 

1262.0 

0.01446 

0.0724 

4510.8 

5.7 

1232.0 

0.01286 

0.0647 

4952.2 

5.2 

1034.0 

0.00630 

0.0351 

5414.7 

4.7 

904.0 

0.00400 

0.0273 

5898.8 

4.3 

806.0 

0.00285 

0.0252 

6930.3 

3.7 

661.0 

0.00259 

0.0278 

7478.1 

3.4 

605.0 

0.00254 

0.0307 

8047.8 

3.2 

557.0 

0.00247 

0.0343 

8638.9 

3.0 

515.0 

0.00237 

0.0384 

9886  4 

2.6 

445.0 

0.00217 

0.0477 

PET 

2d  - 

8. 742A 

(002) 

B  -  3 

P(%) 

«(«r) 

AE(eV) 

E/dE 

Hk) 

88.00 

3.3000 

2.914 

88.00 

0.0142 

0.020 

221000 

2.776 

88.00 

0.0128 

0.020 

223000. 

2.749 

86.00 

0.0071 

0.021 

235000. 

2.504 

80.00 

0.0055 

0.023 

232000. 

2.290 

56.00 

0.0048 

0.027 

216000. 

2.102 

88.00 

0.0033 

0.029 

237000. 

1 .  789 

92.00 

0.0029 

0.031 

242000 

1.658 

94.00 

0.0026 

0.034 

238000 

1 . 541 

95.00 

0.0024 

0.037 

232000 

i  435 

97.00 

0.0021 

0.043 

232000 

1  254 

R(mr) 


EItVI 


P(1U 


t>#V)  - 


t 

AE(tVI 


JL 


400.000 


0 


O.OUCi 


E(tV) 


4000 


CUV) 


Pentaerythrltol  --  PET 
CCCHjOH)^ 


2d  -  8. 

(002)  m 


E(eV) 

^(.(nir) 

R„(«r) 

P(%) 

u(ut) 

AE(eV) 

E/AE 

H. 

5673.  1 

U 

.  5 

1571 

.0 

2.66900 

95.0 

2 . 3600 

2.1 

5898.8 

t. 

3 

1293 

0 

0.01262 

0.1307 

95.0 

0.0116 

0.019 

304000 . 

2.11 

6930  3 

3 

■> 

959 

0 

0  00368 

0  0^77 

92.0 

0.0043 

0.021 

332000. 

1.7 

7^78  1 

3 

u 

861 

0 

0.00257 

0  0419 

88.0 

0.0035 

0.022 

337000. 

1.6 

S04  7  8 

3 

^82 

(1 

0  00197 

0.0408 

49  0 

0.0033 

0.027 

303000. 

1.5. 

8638  4 

3 

0 

0 

0  00193 

0  042  3 

90  0 

0  0026 

0.026 

332000 

1  .4 

8  8  b  ^ 

♦■1  1 

1) 

0  0018,? 

0  0498 

96  0 

0  0021 

0  030 

327000 

1  2 

PPW 


oo, _  1 

6000 


A£  (t'/l 


too.cwo 


26 


I 

R(mrt 


1 

^(tV) 


Mlc« 

2d  - 

20.000A 

KjO^BAl 

203*65102 

*2H2' 

0 

(002) 

■  —  1 

E(eV) 

#B(»r) 

Rp(«> 

R«(-r) 

P(%) 

u(«r) 

AE(eV) 

E/AE 

a(A) 

620 

.9 

38 

.0 

1571 

.0 

0.6215 

0 

.9 

62.000 

19.980 

637 

.9 

38 

.2 

1390 

.0 

0.0522 

0.0586 

0 

.9 

9.090 

0.6 

1050. 

19.450 

676 

.8 

38 

.2 

1160 

.0 

0  0270 

0.0303 

1 

.0 

1.980 

0.6 

1160. 

18.320 

705 

.0 

37 

.8 

1076 

.0 

0.0210 

0.0236 

1 

0 

1.530 

0.6 

1220. 

17.590 

776 

2 

36 

.  5 

926 

.0 

0  0151 

0.0170 

1 

.  1 

0.959 

0.6 

1390. 

15.970 

851 

5 

39 

9 

817 

0 

0  0139 

0  0151 

1 

.  9 

0.672 

0.5 

1580. 

19.560 

q29 

7 

33 
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7.  TECHNICAL  NOTES:  THE  CHARACTERIZATION  OF 
TRANSMISSION  DIFFTIACTION  GRATINGS 


Ue  have  recently  initiated  a  collaborative  effort  with  LLNL  and 
LANL  on  the  absolute  characterization  of  x-ray  transaission  gratings  as 
chose  which  have  been  originally  developed  with  nicrol ithography 
chechniques  by  the  MIT  group.  Exaaples  of  the  B-Ka  (67.6  A,  183.3  eV) 
spectra  are  shown  here.  These  are  neasured  using  nearly  parallel 
Incident  radiation  and  an  appropriately  fine  slit  on  the  proportional 
counter  to  limit  the  collimination  error  to  a  magnitude  approximately 
matching  that  of  the  emission  line  width  and  grating  diffraction  width. 
The  spectra  are  step-scanned  and  are  recorded  with  a  multichannel 
analyzer  (MCA)  .  By  the  same  procedures  we  have  developed  in  our 
absolute  characterizations  of  crystal/multi layer  analyzers  (4),  we 
measure  for  each  diffraction  order  the  FUHM  and  the  line  heights  and 
areas  relative  to  these  values  for  the  zero  order  line.  The  measurement 
is  made  absolute  by  also  measuring  the  ratio  of  the  total  intensity 
within  the  zero  order  line  to  chat  incident  within  the  illuminated  area 
of  the  grating. 

The  line  widths  are  the  result  of  an  intensity  fold  of  the 
collimination  width,  the  emission  line  width  and  the  grating  diffractioi. 
width.  3y  a  similar  unfolding  procedure  as  applied  in  our 
crystal/multilayer  characterizations,  we  determine  the  characteristic 
diffraction  width  (FWHM)  parameters  at  several  photon  energies. 

With  measurements,  as  shown  here,  at  several  photon  energies  along 
with  the  usual  analytical  theoretical  intensity  equations  for 
transparent -bar  gratings,  we  plan  to  derive  semi -empirical  analytical 
descriptions  that  accurately  characterize  the  energy  dependence  of  the 
real  transmission  gratings  for  absolute  spectrometry. 
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Relatively  simple  mathematical  models  arc  developed  to  determine  the  optical  density  u  a  function  of  the  i-ray 
intensity,  its  anfle  of  incidence,  and  its  photon  enerfy  in  the  lOO-lO.OOO^V  rcfion  for  monolayer  and  emulsion 
types  of  photocraphic  films.  Semiempirical  relations  are  applied  to  characterize  a  monolayer  film  (Kodak  101-67) 
and  an  emulsion-type  film  (Kodak  RAR  2497);  these  relations  fit  calibration  data  at  nine  photon  enerfies  well  with¬ 
in  typical  eiperimental  error. 


► 


1.  INTRODUCTION 

Photographic  film  is  used  extensively  as  the  time- integrating, 
poaition-sensitive  detector  for  x-ray  spectrometry  of  ptilaed, 
high-temperature  plasma  sources.'  These  sources  include 
the  inertially  and  magnetically  confined  plasmas  studied  in 
fusion-energy  research  and  other  areas,  such  as  the  Z  pinch, 
the  exploding  wire,  and  the  imploding  linear  plasma  sources. 
Photographic  detection  is  often  chosen  for  the  fixcd-analyxer 
spectroscopy  of  such  sources  because  of  its  relatively  high 
sensitivity,  wide  latitude  of  response,  and  simplicity  of  im¬ 
plementation  as  compared  with  the  alternative  poaition- 
sensitive  electronic -detection  array  systems. 

For  the  diagnostics  of  high-temperature  plasma  sources 
there  is  considerable  need  for  well-calibrated  absolute  spec¬ 
trometry.  The  spectral  analysis  that  is  required  demands  a 
precise  knowledge  of  peak  and  integrated  intensities  and 
shapes  of  spectral  lines  and  of  the  intensity  distributions  in 
continue.  Such  information  can  be  deduced  from  the  mea¬ 
sured  optical  density  versus  position  along  the  film  and  its 
quantitative  relationship  to  the  incident  intensity  for  a  given 
photographic  emulsion  of  sppropriate  sensitivity  and  reso¬ 
lution. 

Because  the  optical  density  is  a  function  not  only  of  the 
intensity  of  the  x  radiation  but  also  of  iu  angle  of  incidence 
and  of  its  photon  energy,  it  is  important  to  supplement  ex¬ 
perimental  calibration  with  theoretical  modeling.  Semiem¬ 
pirical.  universal  mathematical  relations  may  then  be  sstab- 
lished  that  yield  detailed  photometric  information  (including 
the  effecu  of  x-ray  absorption -edge  structure)  baaed  on  s 
minimum  set  of  experimental  data.  An  optimum  design  for 
the  experimental  calibration  may  be  effectively  guided  by 
these  model  relations. 

In  Part  I  of  this  series  of  papers  we  develop  relatively  simple 
mathematical  models  for  the  photographic  response  of 
monolayer  and  of  thick-  and  ihin-emulsion  films  for  the  low- 
energy  x-ray  region  of  IOD-10,0(X)eV.  Thsss  are  derived,  in 
the  description  of  the  bask  photographk -exposure  proosm, 
in  order  to  derins  the  appropriate  experimental  parameters 
and  finally  to  establish  universal,  semiempirical  relationa  that 
can  assist  in  efTicient  quantitative  spectroacopk  x-ray  analysis. 
Their  validity  is  esublished  by  applying  them  to  the  de¬ 


scription  of  two  examples  of  photographic  films:  Kodak 
101-07,  a  monolayer,  and  Kodak  RAR  2497,  an  emulsion-type 
system. 

2.  SIMPLE  MODELS  FOR  THE 
PHOTOGRAPHIC  X-RAY  RESPONSE 

A  Monolayer  Model 

Figure  1  depicts  a  photographic  film  for  which  the  seiuitive 
region  is  a  monolayer  of  densely  packed  AgBr  graiiu  with  a 
packing  density  of  Mo  (AgBr  grains  per  unit  area).  A  scan- 
ning-elsctron-mkroscope  (SEM)  photograph  of  this  type  of 
film  (Kodak  101-07)  is  shown  in  Fig.  2.  As  is  suggested  ^  this 
photograph,  the  grains  may  be  considered  to  be  nearly 
spherical,  with  a  mean  diameter  of  about  1  am. 

We  would  like  to  model  this  monolayer  film  as  a  thin  slab 
of  average  thkknem  ( i,  which,  for  practical  films,  such  m  the 
Kodak  101,  may  be  somewhat  larger  than  a  tingle  grain  di¬ 
ameter.  Such  a  thin-slab  geometry  introducm  a  total  photon 
abaorption  proportional  to  sin  d,  the  dependence  of  which,  as 
described  below,  is  demonstrated  by  experimental  measure¬ 
ment. 

The  probability  that  a  AgBr  grain  will  absorb  a  photon 
under  an  exposing  radiation  intensity  /  (photons  per  square 
micrometer)  of  photon  energy  £  (electron  volts)  and  at  an 
angle  of  incidence  0  is  simply  the  total  number  of  photons 
absorbed  per  unit  area  within  the  slab  divided  by  the  number 
of  grains  per  unit  area  Mo,  viz., 

Afo 

where  |i|  >>  the  linear  x-ray  abaorption  coefficient  of  AgBr 
(which  parameter  introduces  the  only  dependence  on  photon 
energy  £).  For  the  low-energy  x-ray  region  of  interest  here 
(1(XX-10.000  eV),  it  may  be  assumed  that  the  absorption  of  a 
single  photon  is  sufficient  to  render  the  AgBr  grain  develop¬ 
able,  and  therefore  any  additional  absorption  events  within 
that  grain  carumt  contribute  to  its  effective  exposure  process.^ 
We  may  therefore  write  the  differential  equation  that  deter¬ 
mines  the  increase  in  the  number  of  grains  per  unit  area  dAf 
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Fig.  1.  Monolayer  model  for  an  effective  film  thickneia  ti  of  Mo, 
densely  packed  nearly  spherical  .XgBr  grains  per  unit  area,  and  of 
linear  x-ray  absorption  coefficient  equal  to  mi  I  for  AgBr). 


Fig.  2.  SEM  photograph  of  the  Kodak  101  -07  film  showing  nearly 
spherical  AgBr  grains  of  about  l-iim  average  diameter. 


that  have  been  rendered  developable  when  the  radiation  in¬ 
tensity  is  increased  by  an  amount  d/ :  we  do  this  by  equating 
dA1  to  the  number  of  grains  within  the  layer  that  have  nut  yet 
been  rendered  developable,  viz..  Mn  -  .Vf.  multiplied  by  the 
probability  of  a  photon's  being  absorbed  within  a  given  grain 
for  an  increment  of  intensity  d/.  Hence 


dW  -  (A/„  -  .V/> 


.sin  H 


1  -  exp  -Ml  — 
sin  n, 


d/.  (1) 


This  may  be  integrated  immediately  to  yield  the  number  of 
grains  per  unit  area  Af  rendered  developable  under  a  total 
exposure  of  incident  beam  of  intensity  /  photons  per  unit  area 
at  incident  angle  we  obtain 


Af  -  Mo^l 


1  -  exp  |-ii  sin  H 


1  -  exp  -Ml  —  . 

sin  W, 


(2) 


Here,  we  have  substituted  for  (,VfoC'  in  the  argument  of  the 
exponential  an  effective  average  cross-sectional  area  of  the 
AgBr  grain,  a. 


In  the  development  process,  the  exposed  grain  is  reduced 
chemically  to  a  cluster  of  silver  usually  of  somewhat  increased 
cross-sectional  area,  which  we  shall  deHne  here  as  S.  This 
silver  cluster  strongly  absorbe  and  scatters  the  light  beam,  as 
can  be  measured  in  a  densitometer  for  the  exposed-grain 
density. 

In  microdensitometry,  as  required  for  the  quantitative 
analysis  of  spectroscopic  line  images,  a  relatively  small-angle 
cone  of  illuminating  light  is  foctised  and  transmitted  at  a 
small,  optically  defined  slit-region  area  of  the  film;  the 
transmitted  beam  is  received  by  a  neariy  matched,  small-angle 
acceptance  anerture  of  an  objective  lens,  imaged  at  a  fixed  slit, 
and  then  delivered  to  a  photocell.  We  designate  io  as  the 
measured  photocell  current  for  the  transmitted  rays  that  pass 
through  an  unexposed  section  of  the  film  and  i  as  that  for  the 
same  small-angle  light-cone  system  passing  through  a  similar 
section  of  an  exposed  region  of  the  film  having  Af  silver-cluster 
grains  per  unit  area.  We  may  relate  the  fraction  transmitted, 
r  (i.e.,  i/i'o),  to  the  grain  density  Af  by  using  the  fraction  of  the 
area  that  is  blocked  by  the  silver  grains  MS.  obtaining 

r  -  i/io  -  1  -  AfS.  (3) 

Rather  than  by  using  the  transmission  r,  this  measurement 
is  conventionally  expressed  by  using  an  alternative  variable, 
the  optical  density  D,  which  is  defined  as  the  logarithm  of  the 
reciprocal  of  the  transmission  r.  Thus 

D  -  logiof  l/r)  -  -logiod  -  AfS) 
and 


For  relatively  low  spectroscopic  exposures  on  the  monolayer 
films,  the  value  of  MS  will  be  small  compared  to  unity.  Then 
Eq.  (4)  may  be  simplified  to  obtain 


D  -  — ^  (1  -  exp|-iT  sin  tf(l  -  exp(-Mit|/sin  tf))/!).  (5) 
2*30 

In  the  density  measurement  defined  here  by  using  illumina¬ 
tion  and  objective  lenses  of  small  and  nearly  matched  nu¬ 
merical  apertures,  D  is  essentially  the  specular  density.  Thia 
optical  denaity  may  be  related  to  the  smaller  value,  the  diffuse 
density,  which  is  measured  when  all  the  forward-scattered 
light  in  the  transmitted  beam  is  included  in  the  measurement 
The  relationship  between  specular  and  diffuse  density  will  be 
discussed  in  Part  IP  of  this  research. 

As  noted  above,  the  practical  monolayer  film  may  be  ef¬ 
fectively  thicker  than  the  individual  grain  diameter,  and,  in 
the  light-scattering  geometry  of  the  developed  film,  there  may 
be  a  superposition  of  the  scattering  clusters.  A  more  detailed 
analysis  than  that  given  for  the  derivation  of  Eq.  (4)  is  then 
required.  Nevertheless,  a  modified  result  must  again  be 
simply  a  function  of  the  universal  variable  0\l.  The  same 
approach  for  the  derivation  of  a  universal  relation  for  D  is 
described  in  more  detail  in  the  thick-emulsion  analysis  that 
is  presented  below.  Thus  an  important  implication  of  this 
analysis  in  deriving  Eq.  (4)  is  that  the  monolayer  film  density 
D  is  a  function  of  the  single  variable  di/.  where  di  introduces 
the  total  dependence  on  the  photon  energy  E  and  on  the  in- 
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Fig.  3.  The  universal  plot  of  D  versus  ^\l  for  the  Kodak  101-07 
monolayer  using  O-versus-f  calibration  data  as  measured  at  eight 
photon  energies  in  the  100-1500-eV  region  The  smooth  curve  is  from 
Titting  the  semiempincal  Eq.  (7),  derived  here  from  the  monolayer 
film  The  photon-energy  dependence  is  introduced  by  the  scaling 
factor  d|. 


2  0 

101-07 


Fig  4  Comparing  theeiperimenlal  0  versus-log  /  calibration  .tala 
for  the  Kodak  101-07  film  at  theC-Ko  (277-eV)  photon  energy  with 
the  averaged,  semiempincal  universal  response  predicted  by  Kq 
(71. 


cidence  angle  0  and  is  defined  by 


sin  6 


I  -  exp 


-ii|f  1 
sin  9 


|6I 


To  test  this  universal-model  relationship  fur  the  monolayer 
film,  we  have  plotted  (Fig.  3)  for  Kodak  101-07  film  the 
specular  densities  (which  have  been  measured  as  described 
in  Part  IP)  for  normal -incidence  exposures  and  fur  eight 
photon  energies  in  the  IOO-I500-eV  region.  This  plot  is 
presented  as  density  D  versus  the  universal  variable  |l  - 
exp(-p|(|)|/.  The  value  of  the  effective  layer  thickness  f  | 
was  chosen  so  that  the  data  for  the  entire  range  of  p.'.uton 
energies  best  fitted  a  single  universal  curve.  These  data  fur 
Kodak  101-07  film  yielded  an  empirical  value  fur  1 1  of  2  pm 
An  efficient,  two-parameter  empirical  equation,  suggested  by 
this  model  [see  Eq.  (.'))|,  has  been  found  to  be 


O  *  oill  -  exp(-6|d|/l|  <7i 

For  the  Kodak  101-07  monolayer  film,  the  constants  Oi  and 
b|  have  been  determined  by  least -squares  fitting  of  this  1) 
venutt-fii/  data  for  photon  energies  in  the  lOO-lSOO-eV’  region 
to  be  l.%  and  0.313  pm"'*,  respectively  This  empirically  fitted 
curve  IS  also  plotted  in  Fig  3  In  Fig  4  a  comparison  of  the 


measured  data  and  of  the  semiempirical  curve  is  presented 
for  D  versus  log  /  for  the  Kodak  101-07  film  at  the  photon 
energy  of  277  eV.  Also,  as  described  in  Pan  II,^  the  optical 
film  density  D  was  measured  srith  an  essentially  constant 
incident  intensity  at  a  rarge  of  incidence  angles  f  of  5-90*.  In 
Fig.  5,  the  optical  density  D  for  a  constant  incident  intensity 
is  presented  for  two  ranges  of  exposure  along  with  that  angular 
dependence  predicted  by  the  semiempirical  model  relation 
|Eqs.  (6)  and  (7)|  for  this  monolayer  film.  Note  that,  in  the 
relation  for  density  D  given  in  Eq.  (7),  the  intensity  /  should 
be  multiplied  by  a  factor  of  |1  —  F(0)|  to  account  for  the  re¬ 
duction  in  exposure  at  very  small  angles  of  iiKidence  (0  <  5*). 
F(9)  is  the  fraction  of  the  incident  radiation  intensitv  that  u 
low-angle  scattered  and/or  totally  reflected  outward  from  the 
monolayer  surface  and  therefore  not  allowed  to  be  photoe- 
lectrically  absorbed  within  the  AgBr  grains. 

The  prediction  accuracy  of  this  simple  model  relation,  using 
empirically  determined  values  of  (|  aiHl  of  <i|  and  6|,  seems 
to  be  well  within  the  experimental  errors  associated  with  the 
D-versus-/  measurementa.  It  may  seem,  at  first  glance,  that 
the  scatter  of  the  pointa  on  the  universal  curves  as  in  Fig.  3 
may  be  somewhat  eicessive.  particularly  in  the  region  of  low 
densities  associated  with  low  measurement  statistics.  Most 
of  the  variations  from  the  universal  curvea  reflect  the  fart  that 
we  are  comparing  here  the  meaaurementa  on  many  different 
film  samples  and  at  many  different  photon  energies  Most 
of  this  error  is  attributed  to  the  error  in  the  measurement  of 
the  absolute  intensity  /  (photons  per  square  micrometer)  and 
to  a  vanatior  of  the  optical  density  with  development  condi¬ 
tions  The  effect  of  development  is  eipressed  here  entirely 
through  the  developed  silver-grain -cluster  croM  section  S  |to 
which  the  constant  0|  is  proportional,  according  to  Eq.  (&)| 

Finally,  we  may  solve  for  the  exposing  intensity  /  (photons 
per  square  micrometer)  in  Eq  (7)  to  obtain 

/  -  (l/6i<i,)ln|o|/(o,  - /))|  OCi 

By  using  the  values  of  P|(£)  calculated  from  the  absorption 
data  for  Ag  and  Br  given  by  Henke  ft  al  ,*  we  have  plotted  in 
Fig  6  the  intensity  /  (photons  per  square  micrometer)  as  a 
function  of  the  photon  energy  £  (electron  volts)  in  the  100- 
10,000-eV  region  for  normal -incidence  eiposures  that  result 
in  optical  densities /)  equal  to  0.5  and  1.0  for  the  Kiklak  101-07 
monolayer  film.  (The  reciprocal  of  these  intensities  for  a 
given  density  value  is  conventionally  defined  as  the  /ifm 
lenjitii’ity.) 
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D  =  -log. 


II  ('■n> 
0 


=  -(1/2.30)  Z  ln(l  -  MoSn 
0 


-  e%p[—'T0l  exp(-/i  nd/sin  0)||). 


(12) 


With  the  assumption  that  MS  is  small,  this  expression  for  D 
may  then  be  approximated  simply  as 


D  =  (1/2.30)  Z  Af(vS|l  -  expI-(T|3/  exp(-/i'no(/sin  0)1|. 
o 


(13) 


It  is  useful  here  to  re-express  Eq.  ( 13)  as  an  integral,  replacing 
Mo  by  Ngdx,  with  No  equal  to  the  number  of  AgBr  grains  per 
unit  volume  (and  therefore  equal  to  Mold),  and  nd  by  x.  We 
may  then  write  for  the  optical  density 


We  note  that  the  factor  (sin  0!^')  is  a  mean  penetration  depth 
in  the  x  direction  of  the  incident  beam  inside  the  emulsion, 
and,  for  a  given  exposure  I,  the  function  yields  the  op¬ 
tical  density  D  per  unit  mean  penetration  depth. 

Now  for  the  low-energy  x  radiations  of  particular  interest 
here,  this  penetration  depth  will  approach  effectively  the 
thickness  of  the  surface  monolayer  section  (see  Fig.  7).  For 
such  a  surface  exposure,  the  transmission  factor  exp(-p'x/ 
sin  B)  is  not  involved,  and  we  consider  the  contribution  to  the 
density  D  for  this  surface  region  to  be  an  amount  equal  to 
do<t>{l3I),  where  do  will  be  an  empirically  determined  param¬ 
eter  that  measures  the  effective  surface  monolayer  depth.  We 
add  this  limiting  surface-layer  contribution  to  D  in  Eq.  (17) 
to  obtain  finally  for  the  optical-density  contributions  for  both 
surface  and  volume  generation  of  the  optical  density 


D  =  (1/2.30)  ^  NoSIl  -  expl-(r)i/  exp(-/i'x/sin  fl)||dx. 


(14) 


This  integral  may  be  evaluated  easily  as  a  converging-series 
solution.  It  is  considered  here,  however,  that  the  assumptions 
made  in  its  derivation  (low  AgBr-grain  density  and  exposures) 
are  too  restrictive  for  many  practical  applications  of  photo¬ 
graphic  measurement.  A  more  detailed  (but  more  compli¬ 
cated)  expression  for  the  transmission  through  a  dense,  het¬ 
erogeneous  system  of  light-absorbing  silver-grain  clusters 
could  be  derived.  Nevertheless,  for  this  mere  precise  de¬ 
scription,  the  resulting  transmission  in  any  event  must  also 
be  a  function  of  the  intrinsic  exposed  AgBr-grain  density  N 
at  depth  x  and  consequently  of  the  variable 

z  =  001  exp(-;i'x/sin  fl), 

which  determines  the  number  of  grains  rendered  developable 
within  a  differential  monolayer  section  of  the  emulsion.  Het  e, 
0  is  defined  by  Eq.  (10).  With  no  assumptions  about  the  de¬ 
tails  of  the  light-absorption  process  within  the  thick  emulsion, 
we  may  write  a  general  expression  for  the  optical  density: 

D  =  J^'f(i)dx,  (15) 

where  F(z)  is  a  function  that  may  be  determined  empirically, 
for  example,  from  D-versus-/  data  for  photons  of  such  energy 
.as  to  be  completely  absorbed  within  the  given  emulsion’s  total 
thickness.  F(z )  has  a  constant  saturation  value  for  large  z  (at 
small  penetration  depths  with  large  exposure  /)  [NoS/2.30  in 
E)q.  (14)|.  F{z)  approaches  zero  value  as  r  becomes  small  (for 
small  exposure  /  and/or  at  large  depth  x ).  By  differentiating 
the  variable  z ,  we  have 

dz  =  -(/iVsin  fl)ffd/  exp(-u'x/sin  ^)dx 
=  — (/iVsin  i?)zdx, 

and  we  may  therefore  rewrite  Eq.  (14)  completely  in  the  di¬ 
mensionless  variable  z  as 

„  /sin  0\  ('“‘‘I  F(z)  , 

We  conclude,  therefore,  that  the  integral  must  simply  be  a 
function  of  the  integration  limit  o0l,  and  we  may  write  for  D 
versus  /  the  universal  relation  of  the  form 

(IT) 


D  = 


sin  6 
.  fi' 


M0I). 


(18) 


Equation  (18)  may  then  be  written  as  a  function  of  the  uni¬ 
versal  variables  aD  and  01,  viz.. 


I  fi'/sin  6 

II  +  p'do/sin  6, 


D  =  aD  =  <t>(01) 


(19) 


(thus  defining  the  universal  variables  that  establish  the  scaling 
for  D  and  /  as  the  photon  energy  and  the  angle  of  incidence 
of  the  exposing  radiation  are  varied). 

The  heterogeneous  absorption  coefficient  p'  may  be  ap¬ 
preciably  differen'  from  that  which  is  calculated  as  p  for  a 
homogeneous  absorbing  system  with  the  same  volume  frac¬ 
tions  of  AgBr  and  of  gelatin.  We  have  derived  an  expression 
for  the  linear  heterogeneous  absorption  coefficient  in  Ap¬ 
pendix  A:  the  expression  may  be  written  as  follows: 


u'  =  Mn  -  (1/d)  (ln|l  -  Vll  -  exp(-(Mi  -  )xo)d)|).  (20) 

For  the  same  volume  fraction  V  for  AgBr,  and  hence  (1  -  V) 
for  the  gelatin,  the  linear  homogeneous  absorption  coefficients 
jl  may  be  given  by 


?=  (1  -  V)mo+  V'/i,.  (21) 


It  may  be  noted  that  Eq.  (21),  given  for  the  heterogeneous 
linear  coefficient  in  Eq.  (20),  does  reduce  to  Eq.  (20)  for  the 
homogeneous  coefficient  ^  for  small  values  of  the  grain  size 

d. 

In  Fig.  8  we  have  plotted  for  comparison  the  linear  ab¬ 
sorption  coefficients  n'  and  JH,  given  by  Ekjs.  (20)  and  (21),  for 
Kodak  BAR  2497  film,  assuming  a  value  for  d  equal  to  0.3 
^m. 

In  order  to  illustrate  the  accuracy  of  prediction  of  a  uni¬ 
versal  curve  as  defined  by  Elq.  (19)  and  of  the  associated  de¬ 
scription  for  the  heterogeneous  absorption  coefficient  given 
in  Ekj.  (20),  we  have  plotted  in  Fig.  9  the  variables  p'D/(l  + 
M'do)  and(l  -  exp(-pid)|exp(-p<)/ )/  using  D-versus-/ data 
for  the  Kodak  RAR  2497  film  measured  at  0  =  90°  (and  as 
described  in  Part  II'*).  These  data  have  been  measured  at 
eight  photon  energies  in  the  lOO-1500-eV  region  for  which  we 
can  assume  complete  absorption  within  this  emulsion.  The 
overcoat  thickness  t,  the  mean  grain  size  d,  the  volume  frac¬ 
tion  V,  and  the  surface-layer  thickness  do  were  chosen  so  as 
to  yield  a  minimum  variation  from  a  universal  curve  for  the 
entire  photon-energy  range  (see  Section  3).  The  values  so 
determined  for  t,  d,  do,  and  V  were  0.3, 0.3,  and  0.6  (im,  and 


Henke  et  al 


IC 


Fig.  8.  Comparison  of  the  linear  absorption  coefficient  as  calculated 
for  the  heterogeneous  RAR  2497  emulsion-film  system  with  an 
amorphous  system  of  the  same  volume  fraction  of  AgBr  (see  Appendix 
A).  Note  the  appreciable  differences  in  the  low-energy  x-ray  re¬ 
gion. 
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Fig.  9.  The  universal  plot  of  aD  versus  01  for  the  Kodak  RAR  2497 
emulsion  film  using  O-versus-/  calibration  data  as  measured  at  eight 
photon  energies  in  the  l(X)-1500-eV  region.  The  smooth  curve  is 
obtained  by  fitting  to  these  points  the  semiempirical  Eq.  (26)  derived 
here  for  the  emulsion-type  film.  The  photon-energy  dependence  is 
introduced  through  the  scaling  factors  a  and  0. 

0.1,  respectively.  Again  we  consider  the  departures  from  a 
universal  curve  among  these  data  points  as  plotted  here  to  be 
well  within  experimental  error. 

We  have  also  plotted  in  Fig.  9  a  semiempirical  equation  for 
the  universal  curve,  the  derivation  of  which  is  described 
below. 

Early  in  the  exposure  process,  the  first  layers  that  are  en¬ 
countered  within  the  emulsion  may  become  saturated,  i.e.,  all 
the  AgBr  grains  within  these  layers  are  rendered  developable. 
As  the  exposure  increases,  the  depth  x,  of  this  saturation  re¬ 
gion  increases.  The  corresponding  growth  in  optical  density 
is  depicted  in  Fig.  10  along  with  a  plot  of  F{z),  which  is  defined 
in  Eq.  (15),  where  z  *  afil  exp(— ^'i/sin  6).  For  sufficiently 
large  values  of  z  and,  correspondingly,  for  sufficiently  small 
values  of  penetration  depth  x,  and/or  for  large  values  of  I,  F{z) 
is  equal  to  a  constant  saturation  value  F,.  For  relatively  low 
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densities  of  AgBr  grains  within  the  emulsion,  this  saturation 
value  is  simply  AfoS/2.30,  as  suggested  m  Eq.  (14).  F{z)  may 
then  be  interpreted  as  the  optical-absorption  cross  section  per 
unit  volume  of  developed  silver -grain  clusters  for  an  exposure 
that  initiates  saturation.  For  small  z ,  F(z )  approaches  zero 
value.  We  shall  define  by  z,  that  value  of  z  for  which  F(z) 
reaches  its  constant  saturation  value,  defined  here  as  F, 
(within,  say,  a  few  percent).  The  corresponding  saturation 
depth  X,  may  then  be  related  to  z,  by 

z,  =  afil  exp{—^i’x, /sin  6), 

X,  *  (sin0/^')  \n{a0I/z,).  (22) 

We  may  now  write  Eq.  (15)  as  follows: 

D  =  r  f(z)dx  -h  r*  f(z)dx 
Jo  Jx, 

=  F,x,  +  (sin  d/fi')  ^  (f(z)/z)dz, 

and,  by  using  Eqs.  (22),  (16),  and  (17),  we  obtain 

D  *  (sin  d/ii')[F,  \a(a&llz,)  +  0(z,)).  (23) 

By  including  the  parameter  dp  to  account  for  the  surface-layer 
exposure  |as  described  for  Eq.  (18)],  we  may  rewrite  Eq.  (23) 
as 

D  *  -I-  (f,  ln(<rj8/)  +  constant).  (24) 

We  therefore  predict  that,  after  an  initial  exposure  that  will 
initiate  the  onset  of  saturation  in  the  first  layers,  the  optical 
density  D  should  vary  linearly  with  the  logarithm  of  the  ex¬ 
posure  /.  This  is  indeed  what  is  usually  observed,  as  is  illus¬ 
trated,  for  example,  in  the  D-versus-log-/  plot  for  the  Kodak 
RAR  2497  film  presented  in  Pig.  1 1.  This  strong  linearity  in 
D-versus-log-/  is  illustrated  more  generally  for  the  thick- 
emulsion  films  in  the  experimental  data,  which  are  presented 
in  Figs.  4-7  of  Part  IP  of  this  research. 

Equation  (24)  may  be  written  as  a  universal  semiempirical 
equation  of  the  form 
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Fig.  10.  Plotted  here  is  the  approximate  function  f(z)  for  the 
light-scattering  cross  section  per  unit  volume  associated  with  the 
developed  silver-grain  clusters  and  resulting  from  an  intermediate 
exposure  I  (calculated  for  the  RAR  2497  film).  An  exposure  was 
chosen  so  as  to  render  all  grains  developable  within  the  first  half- 
thickness  of  the  emulsion.  As  the  exposure  /  increases,  this  saturation 
region  increases  in  depth  s,  and,  according  to  this  model,  this  process 
accounts  for  the  linear  relationship  between  D  and  log  /  after  the  onset 
of  the  saturation  process. 


824  J.  Opt.  Soc.  Am.  B/\'ol.  1,  No.  6/'I>cember  1984 


Henke  et  al. 


20 


Fig.  11.  Comparing  the  O-versus-log-/  calibration  data  for  the  RAR 
2497  fllm  at  the  0-Ka  (525-eV)  photon  energy  with  the  averaged 
universal  response  function  given  by  the  semietnpirical  Eq.  (26). 
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for  small  I.  In  order  to  require  that  our  model  relation  for  the 
optical  density  D  increase  initially  as  /  in  the  toe  region  of  the 
D-versus-/  response,  we  make  a  simple  addition  to  the  argu¬ 
ment  of  the  logarithmic  term  in  Eq.  (25)  to  obtain,  finally,  the 
semiempirical  relation  for  D  versus  /: 


aD  =a\n(l+bffl).  (26) 

For  the  Kodak  RAR  2497  film,  the  constants  a  and  b  have 
been  determined  by  least-squares  fitting  of  the  aD-versus-/?/ 
data,  as  plotted  in  Fig.  9,  yielding  the  values  of  0.414  and 

0.454  pm^,  respectively.  This  least-squares-fit  function  has 
been  plotted  as  the  universal  curve  in  Pig.  9,  and  it  has  been 
applied  to  yield  the  D  - versus-log-/  curve  presented  in  Fig.  1 1 , 
as  an  example,  at  the  particular  photon  energy  of  525  eV. 
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Fig.  12.  The  intensity  /  (photons  per  square  micrometer)  required 
to  establish  a  specular  density  of  O.S  and  of  1.0  in  the  RAR  2497 
emulsion  film. 
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Fig.  13.  Comparison  of  experimentally  measured  O-versus-d  plots 
(measured  as  described  in  Part  IP  for  constant  incident  inteiuity  / 
and  energy  Al-Ka  (1487-eV)|  with  those  predicted  by  the  semiem¬ 
pirical,  universal  response  function  given  in  Eq.  (28)  for  the  RAR  2497 
film. 


n'/sin  0 
1  +  (p'do/sin  d) 


aD  =  a  ln(bfi/). 


(25) 


However,  for  exposure  /  below  that  which  may  induce  sat¬ 
uration,  it  is  expected  that  D  is  directly  proportional  to  /. 
This  may  be  deduced,  for  example,  by  integrating  Eq.  (14) 
after  expanding  the  exponential  for  small  values  of  its  argu¬ 
ment  la0I  exp(-M'x/sin  0)|,  obtaining 


C.  Thin-Emulsion  Model 

For  the  thick -emulsion  model  described  above  it  was  assumed 
that  all  the  incident  photons  were  absorbed  in  the  overcoating 
and  in  the  emulsion  layers.  For  the  thin -emulsion  model  it 
is  required  that  the  predicted  contribution  to  the  optical 
density  for  emulsion  depths  greater  than  the  value  T  (the 
actual  emulsion  thickness)  be  subtracted  from  the  density  D, 
as  predicted  for  the  thick  emulsion  as  given  by  Elq.  (18). 

For  the  thin-emulsion  case,  therefore,  we  rewrite  E)q.  (16) 
(after  including  the  surface-exposure  correction  parameter 
do)  as 

0  =  (^-l-do)  f*”  (F(z)/r)dr. 

\  I  eipl'pT/iin  #) 

yielding  for  emulsion  thickness  T  a  predicted  universal  rela¬ 
tion 


aD 


J*tii 

61  tnp{-0'7 


F(r)dr 


iT/.in  0)  2 

=  (A(d/)  -  expl-pT/sin  ^)).  (27) 

Correspondingly,  we  may  rewrite  Eq.  (26)  for  the  thin-emul¬ 
sion  case  as 


aD  =  0  In 


1  -1-  5)3/ 

1  -(■  bffl  exp(-p'T/sin  d), 


(28) 


Note  that  we  have  assumed  here  that  the  universal  function 
(and  its  semiempirical  description  given  in  Eq.  (28)  defined 
through  the  parameters  a  and  b|  is  established  by  using  cali¬ 
bration  data  for  which  the  emulsion  is  thick,  i.e.,  for  photons 
that  are  completely  absorbed  within  the  emulsion. 

The  photographic-response  function  presented  in  Eq.  (28) 
is  applicable  in  the  photon-energy  region  for  which  the  pri¬ 
mary  assumption  made  in  its  derivation  obtains,  viz.,  that  each 
AgBr  grain  will  be  rendered  developable  by  a  single  photon 
absorption  within  the  grain.  It  has  been  thus  assumed  that 
the  effective  cross  section  for  photon  excitation  a  is  constant, 
i.e.,  that  a  is  independent  of  the  photon  energy.  For  photons 
of  energy  above  about  10  keV  it  is  expected  that  the  photo- 
electrons  that  are  generated  within  the  emulsion  in  the  vicinity 
of  a  given  AgBr  grain  may  have  sufficient  range  to  contribute, 
along  with  the  direct  photon  absorption,  to  the  excitation  cross 
section  of  that  AgBr  grain.  The  effective  cross  section  a  may 
then  be  energy  dependent  at  the  higher  photon  energies,  re- 
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quiring  that  the  relatively  simple  analysis  presented  here  be 
modified  for  £  >  10  keV.- 

In  Fig.  12,  we  have  applied  Eq.  (28)  to  predict  for  this 
100-10, 000-eV  region  the  number  of  photons  per  square  mi¬ 
crometer  required  to  yield  optical  specular  densities  of  0.5  and 
1.0  for  normal  incidence  upon  the  Kodak  RAR  2497  film. 

In  many  practical  spectrographic  measurements,  the  x-ray 
intensity  is  not  incident  at  90°  upon  the  film.  Nevertheless, 
the  density-exposure-photon -energy  characterizations  pre¬ 
sented  in  Figs.  1 1  and  12  can  be  presented  for  angles  of  inci¬ 
dence  other  than  90°  through  the  0  dependence  of  E^.  (28). 
The  optical  density  D  has  been  measured  (as  described  in  Part 
IP)  for  8  values  in  the  5-90°  range  for  essentially  constant 
incident  intensity  /  and  for  several  photon  energies.  As  is 
suggested  in  Fig.  13,  the  8  dependence  as  predicted  by  Bq.  (28) 
for  a  photon  energy  of  1487  eV  is  demonstrated  to  be  well 
within  the  limits  of  the  experimental  errors  for  the  Kodak 
RAR  2497  film. 

3.  SUMMARY  AND  APPLICATION 

In  this  section,  we  summarize  the  results  of  the  foregoing 
analysis  of  the  low-energy  x-ray  response  of  photographic 
films.  These  are  expressed  as  semiempirical  equations  that 
relate  the  specular  optical  density  D,  the  incident  intensity 
/  (photons  per  square  micropieter),  the  angle  of  incidence  8, 
and  the  photon  energy  E  (electron  volts)  (through  the  linear 
absorption  coefficients  mo  for  gelatin,  mi  for  AgBr,  and  fi'  for 
the  heterogeneous  emulsion  mixture). 

The  monolayer  is  defined  as  a  densely  packed  layer  of  AgBr 
grains  of  effective  thickness  ( i,  having 

D  =  ai|l  -  exp(-6idi/)| 


or 

in  which 

di  =  sin  (((l  -  exp(-*ii(  |/sin  0)| 

(oi  varies  approximately  as  S/d'^  and  6|  as  d'^). 

The  thick  emulsion  is  defined  as  completely  absorbing  with 
an  effective  AgBr-grain  thickness  d,  AgBr  volume  fraction  V, 
and  with  a  gelatinlike  overcoat  of  thickness  (.  For  the  thick 
emulsion 

aD  =  a  ln(l  -k  b/i/) 


or 

/J/  =  (l/b)|«xp(oD/a)  -  1|, 

in  which 

d  =  |1  -  exp(-/i|d)|exp(-*i()(/sin  8), 

II  =  M'/(sin  8  +  tt'do), 

where 

a'  =  #io  -  (1/d)  ln(l  -  l/jl  -  exp|-(^i  -  Mii)d|l) 

and  do  is  an  effective  emulsion-surface-layer  thickness  (a 
varies  approximately  as  S/d'*  and  b  as  d’^). 

The  thin-emulsion  definition  is  the  same  as  that  for  the 
thick-emulsion  case  for  the  lower-energy  photons  but  is 
modified  to  account  for  the  incomplete  absorption  of 


higher-energy  photons  within  a  finite  emulsion  thickness  T. 
Here, 


aD  =  a  In 


_ 1  +b0l _ 

1  -(■  6/J/  exp(— ^'T/sin  8) 


or 

(1/b) _ exp(<rP/a)  —  1 _ 

1  -  exp(-/i'r/sin  fl)exp(rt£)/a) 

In  order  to  apply  photographic  materials  efficiently  as  ab¬ 
solute  x-ray  detectors,  it  is  helpful  to  have  at  least  approximate 
information  about  the  film’s  physical  and  chemical  structure, 
particularly  the  volume  fraction  V,  the  emulsion  thickness  T, 
the  overcoat  thickness  t,  and  the  constituency  of  the  over¬ 
coating  material  if  it  is  not  gelatin.  Ideally,  these  parameters 
would  be  supplied  by  the  film  manufacturers.  Unfortunately, 
at  this  time  these  data  were  not  shared  with  the  user.  Many 
of  the  larger  laboratories  do  have  the  facilities  to  measure 
these  parameters  directly,  but  it  would  seem  important  to 
avoid  such  an  expenditure  of  additional  time  and  effort. 

Alternatively,  if  these  film  characteristics  are  not  available 
from  the  manufacturer  or  by  independent  analytical  means, 
their  effective  values  may  be  determined  by  more-extensive 
calibration  measurements  of  D  versus  /  at  additional  photon 
energies.  This  has  been  the  approach  adopted  in  this  re¬ 
search. 

For  the  monolayer  film,  this  procedure  is  not  so  difficult. 
A  minimum  of  two  photon  energies  is  required  for  which  D- 
versus-/  data  are  chosen  so  that  the  absorption  within  AgBr 
is  appreciably  different.  Because  it  is  predicted  that  D  is  a 
function  of  the  single  universal  variable  0il,  the  ratio  of  the 
/  values  for  the  two  photon  energies  that  yield  the  same  D 
values  is  a  constant  and  equal  to  the  corresponding  ratio  of  the 

values.  The  average  value  for  this  ratio  r  may  then  be 
applied  to  determine  the  effective  AgBr-monolayer  thickness 
(i.  Thus 

^  _  1  -  exp|-Mi(£')(il 
1  -  exp|-Mi(£')(il 

in  which  £'  and  £'  are  the  two  photon  energies  for  which  the 
two  D-versus-/  curves  are  measured.  This  expression  may  be 
solved  numerically  for  the  value  of  tj.  With  this  parameter 
determined,  the  universal  curve  D  =  0(/3i/)  is  established,  and 
a  least-squares  fitting  to  this  curve,  based  on  D -versus-/  data 
at  the  different  photon  energies,  may  then  be  applied  to  de¬ 
termine  the  parameters  Oi  and  6|.  These  define  the  semi¬ 
empirical  equation  given  above,  which  relates  /  (photons  per 
square  micrometer)  to  the  values  of  D,  8,  and  photon  energy 
£.  This  equation  permits  a  straightforward  microcomputer 
analysis  of  the  densitometer  data  to  yield  an  absolute  spec¬ 
trum  in  /. 

In  order  to  characterize  similarly  an  overcoated  thick- 
emulsion  film,  at  least  three  /^-versus-/  sets  of  data  are  re¬ 
quired  at  appreciably  different  photon  energies  fur  which 
complete  absorption  within  the  film  is  obtained.  This  is  lie- 
cause  two  parameters,  d  and  ( ,  are  required  Ui  define  )i;  V  and 
do  also  need  to  be  determined  to  define  the  scaling  factor  o. 

Finally,  for  the  thin-emulsion-type  film,  the  thickness  pa¬ 
rameter  T  is  determined  by  using  at  leasi  one  more  0-vcrsus- 
/  data  set  at  a  higher  photon  energy  of  a  radiation  that  is  ap¬ 
preciably  transmitted  through  the  emulsion. 
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We  have  found  that,  by  using  a  small  computer-plotter 
SN’stem,  a  graphic,  iterative  determination  of  the  film  structure 
parameters  was  usually  rapid  and  efficient  with  an  accuracy 
commensurate  with  that  of  the  experimental  calibration  data. 
Log-log  plots  of  aD  versus  31  were  generated  in  order  (1)  to 
obtain  values  of  t  and  d  that  establish  a  set  of  3  values  for  a 
series  of  photon  energies  that  translate  the  corresponding  aD- 
versus-3/  curves  along  the  log  3/  axis  to  form  a  parallel  set  and 
(2)  to  vary  do  and  V’  parameters  to  establish  the  values  of  a 
for  the  different  photon  energies  so  that  the  set  of  parallel 
curves  can  then  be  reduced  to  a  single  universal  curve  by 
shifting  along  the  log  aD  axis.  Examples  of  such  universal 
curves  for  the  monolayer  film  Kodak  101-07  and  the  thick- 
emulsion  film  Kodak  RAR  2497  were  presented  in  Figs.  3  and 
9.  These  curves  were  then  least-squares  fitted  to  yield  the 
complete  semiempirical  equations,  as  based  on  the  normal- 
incidence  D-versus-/  data  that  yield  the  parameters  a  and  b, 
which  define  the  complete  <l-dependent  semiempirical  rela¬ 
tions  described  above. 

In  Part  II  of  this  research.^  the  calibration  and  the  charac¬ 
terization  of  five  films  considered  to  be  appropriate  for  ab¬ 
solute  low-energy  x-ray  spectroscopic  analysis  are  described. 
These  calibrations  are  shown  to  be  well  described  by  the 
semiempirical  equations  that  have  been  developed  here. 

APPENDIX  A:  LINEAR  ABSORPTION 
COEmCIENT  M'  for  HETEROGENEOUS 
MATERIALS 

In  our  analysis  of  the  number  of  AgBr  grains  that  are  rendered 
developable  at  emulsion  depth  x  [derivation  for  Eq.  (9)),  it  was 
neces.sary  to  introduce  a  transmission  factor  expl-^'x/sin  ff), 
in  which  m'  is  the  effective  linear  absorption  coefficient  for  the 
heterogeneous  system  of  finite-size  AgBr  grains  embedded 
within  a  gelatin  matrix.  For  AgBr-grain  sizes  that  are  small 
compared  with  the  reciprocal  linear  absorption  coefficient  of 
AgBr.  the  heterogeneous  coefficient  will  approach  the  ho¬ 
mogeneous  absorption  coefficient  /I,  as  given  by 

>1  =  (1  -  U)>io  +  V'mi.  (Al) 

where  fio  and  are  the  linear  absorption  coefficients  for 
gelatin  and  for  AgBr,  respectively,  and  V  is  the  volume  frac¬ 
tion  for  the  AgBr  component. 

In  Fig.  14,  we  present  a  SEM  photo  of  the  cross  section  of 
the  SB-392  film  (described  in  Part  IF)  that  illustrates  the 
heterogeneity  of  the  photographic  emulsions. 

In  order  to  determine  we  shall  again  assume  that  it  is 
sufficiently  accurate  to  model  this  heterogeneous  system  as 
a  system  of  .s  layers  of  thickness  d  equal  to  the  effective  grain 
size,  with  the  grains  ordered  completely  within  each  layer 
(absorbing  as  equivalent,  aligned  cubes).  This  geometry  is 
depicted  in  Fig.  15.  We  define  the  x-ray  transmission  factor 
T  for  the  heterogeneous  absorber  (an  averaged  value  for  a  large 
number  of  incident  photons)  as  follows: 

.8 

r  =  y  p„Tn  =  exp(-^'x),  (A2) 

1) 

where  n  is  the  number  of  AgBr-grain  encounters  fora  given 
photon  passing  through  the  .s  layers  ranging  from  zero  to  s  as 
possible  values  (for  n),  Pn  is  the  probability  of  having  n  en¬ 
counters,  and  T„  is  the  associated  transmission  factor  for  a 
photon  passing  through  nd  thickness  of  AgBr,  multiplied  by 
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Pig.  14.  A  SEM  photograph  of  a  cross  section  of  an  undeveloped 
SB-392  film.  Illustrated  here  is  the  heterogeneous  quality  of  this 
photographic  emulsion. 


^0 


?  :CT_a-D"o;o 

•  .  d 

’  Ioe»P(-M*> 

Fig.  15.  Model  fur  the  calculation  of  the  transmission  of  photons 
through  a  thickness  x  of  heterogeneous  emulsions  that  consist  of  s 
monolayer  sections  of  thickness  equal  to  an  effective  grain  absorption 
thickness  d  and  with  a  fraction  V  of  AgBr  grains  and  of  ( 1  -  V')  of 
gelatin. 

that  for  passing  through  (s  -  n)d  thickness  of  gelatin.  We 
shall  write  expressions  for  pn  and  r,  for  the  first  few  values 
of  n  in  order  to  establish  the  general  expression  for  Z  p„  r^. 
Note  that  the  area  fraction  occupied  by  the  AgBr  grains  within 
this  single  layer  is  the  same  as  the  volume  fraction  V,  and 
therefore  the  probability  of  encountering  one  or  no  AgBr 
grains  for  a  single  photon  passing  through  this  layer  is  V  or 
(1  —  V),  respectively.  The  expressions  for  p„  and  r„  are 

n  =  0:  po  “  (1  -  V)*, 
ro  =  exp(-pox), 

n  =  1;  Pi  =  .s’(l  - 

ri  =  exp(-pid)exp[-jio(i  -  d)| 

=  exp(-po* )exp[-(Ap)d|,  where  Ap  =  (pi  -  Po). 
n=2:  P2  =  |s(s-1/2)I(1- V)»--:(V)^, 

T2  =  exp(-2pid)exp|-po(.r  -  2d)) 

=  exp(-pox)exp(-2Apd), 
n  =  3:  P3  =  [s(s  -  l)(s  -  2)/3!|(l  -  (/)»-■'(  V)'', 
ra  =  exp(-3pid)exp[-po(x  -  3d)l 
=  exp(-poJc)exp(-3Apd). 

It  is  evident,  therefore,  that 

P"  = ( 1  -  v)'-'-  (A3) 

(s  -  n)!n! 
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r„  *  exp(-fiox)exp(-nAfid)  (A4) 


and  that 

<  s! 

r  *  exp(-Mo*)  L  - - ^(1  -  V)*-"[V  exp(-A/<d))". 

0  (s  -  nV.nl 


(A5) 

By  recalling  that  the  binomial  equation  may  be  written  as 

(A  +  B)**f- — (A6) 
0  (s  -  n)\n\ 


we  note  that 

LPn  =  L- — ^  ,  (1  ~  V)*~"(V^)"  ~  1  (A7) 

0  0  (s  —  n)!n! 

and  that 

r  *  exp(-^)|l  -  V[1  -  exp(-AMd)]|'  *  exp(-M'x). 

(A8) 

Finally,  we  may  solve  Eq.  ( A8)  for  /i',  and,  by  letting  s  *  i/d, 
we  obtain 


At'  *  Mo  ~  (1/d)  Injl  -  V(1  -  exp(-AAtd)l|.  (A9) 

This  result  is  essentially  the  same  expression  for  the  hetero¬ 
geneous  absorption  coefficient  as  that  which  has  been  applied 
by  Brown  et  al.^  and  by  Toor®  in  their  photographic- film 
models. 

In  Fig.  8,  we  have,  for  the  RAR  2497  film,  compared  the 
homogeneous  linear  absorption  coefficient  m  snd  the  hetero¬ 
geneous  linear  absorption  coefficient  n’  for  photon  energies 
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in  the  100-10,000-eV  region  (using  the  atomic  absorption  data 
recently  reported  by  Henke  et  al.  *). 
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Optical  density  versus  exposure  data  have  been  obtained  at  nine  photon  energies  in  the  IOO-2000-eV  x-ray  region 
for  five  spectroscopic  films  ( Kixlak  films  101  -07,  SH-:19'2.  RAR  2492.  RAR  249.‘>,  and  RAR  2497).  These  data  were 
determined  operationally  by  a  direct  comparison  of  the  peak  absolute  intensities  of  spectral  lines,  which  were  mea¬ 
sured  with  a  calibrated  proportional  counter,  with  the  microdensitometer  tracings  of  the  corresponding  photo¬ 
graphically  recorded  spectral  lines.  Film-resolution  limits  were  deduced  from  an  analysis  of  contact  microradi¬ 
ograms  of  linear  zone  plates  constructed  of  gold  bars.  The  relationship  between  the  specular  densities  as  measured 
here  and  the  diffuse  densities  have  been  experimentally  determined  for  the  five  nims.  Finally,  experimental  mea¬ 
surements  of  the  optical  density  versus  the  angle  of  incidence  of  exposing  radiation  of  constant  intensity  were  ob¬ 
tained.  These  data,  relating  density  to  the  x-ray  intensity,  its  photon  energy,  and  its  angle  of  incidence,  are  shown 
to  be  Fitted  satisfactorily  in  the  100-10  000-eV  region  by  the  semiempirical  mathematical  model  relations  that  were 
derived  in  Part  I  of  this  research  |J.  Opt.  Soc.  Am.  B  1, 818-927  (I9M)|. 


1.  INTRODUCTION 

In  the  research  that  is  described  here,  we  characterize  pho¬ 
tographic  Films  fur  absolute  spectrographic  analysis,  partic¬ 
ularly  in  the  low-energy  x-ray  photon -energy  region  of 
100-20(X)eV.  Five  films,  which  were  chosen  as  being  appro¬ 
priate  for  low-energy  x-ray  spectroscopy  because  of  their 
proven  quality,  vacuum  compatibility,  and  range  of  sensitiv- 
ity/resolutions,  have  been  calibrated.  These  are  Kodak's 
Films  101-07  and  SB-:I92  and  RAR  2492,  249,5,  and  2497.  The 
first  four  are  currently  available.  The  RAR  2497  film  is  no 
longer  manufactured  but  has  been  included  here  because  of 
iUs  past  and  present  extensive  application  at  the  AV  National 
l^aboratories.  The  2497  film  (and  its  predecessor,  RAR  2490) 
has  similar  characteristics  to  those  of  the  newer  RAR  2492  and 
249.5.  A  comprehensive  study  of  the  RAR  2490  film  has  lieen 
reported  by  Benjamin  et  at. '  An  early  paper  on  the  calibra¬ 
tion  of  the  lOl-type  film  for  the  low-energy  x-ray  region  has 
been  presented  by  Koppel,-  who  has  also  recently  reported ' 
some  calibrations  for  the  RAR  2492  and  SB-5  film  (which  is 
the  sheet-film  version  of  the  H5-mm  SB-:192  film  that  is 
characterized  here).  We  would  like  also  to  refer  the  reader 
to  another  excellent  paper,  by  Dozier  et  at  *  on  film  calibra¬ 
tion  for  higher  photon  energies  than  those  particularly  ad- 
(Ire.s.sed  here.  In  Fig.  1  we  present  a  comparison  of  the  sen¬ 
sitivity  versus  photon-energy  curves  for  the  101,  .SB-;i92.  and 
RAR  films  as  determined  by  the  research  described  here. 

In  .Section  2  we  describe  a  method  for  the  absolute  sensi- 
tometric  calibration  of  x-ny  spectroscopic  films  and  (iresent 
graphs  and  tables  for  density  versus  normal -incidence  expo¬ 


sure  data  at  nine  photon  energies  for  the  five  film  types.  Also 
presented  here  are  semiempirical  equations  derived  from  the 
mathematical  models  developed  in  Part  I  of  this  research^  that 
introduce  generally  the  dependence  on  the  photon  energy  and 
on  the  angle  of  incidence  of  the  exposing  x  radiation.  In 
Section  5  we  present  a  relatively  simple  definition  and  a 
method  of  measurement  for  spectroscopic  film  resolution  and 
suggest  resolution  limits  for  the  film  types  studied.  In  Section 
4  we  discuss  the  effect  of  batch-to-batch  variation  of  film 
characteristics,  concluding  that  each  new  batch  should  be 
calibrated  at  a  few  normalizing  points  for  precise,  absolute 
spectrometry.  We  present  comparisons  of  our  film  calibra¬ 
tions  with  those  reported  from  other  laboratories  for  similar 
film  types.  In  Appendix  A  we  present  data  that  relate  the 
specular  densities,  as  required  for  spectroscopic  film  cali¬ 
bration  (and  as  measured  directly  in  this  research),  to  the 
diffuse  density  values  that  may  be  alternatively  applied  in 
comparing  our  data  to  other  film  characterizations.  In  Ap- 
l>endix  B  the  film-processing  procedures  that  have  been  fol¬ 
lowed  are  described.  Finally,  in  Appendix  C  tables  are  pre- 
•senled  for  the  five  films  of  density-versus-exposure  data  cal¬ 
culated  at  regularly  fine-spaced  intervals  in  photon  energy. 

2.  SENSITOMETRIC  CALIBRATION  OF  X-RAY 
SPECTROSCOPIC  FILMS 

For  quantitative  low-energy  x-ray  spectroscopy,  an  accurate 
relationship  must  l>e  established  among  the  niicrodensity 
values  (within  slit  widths  of  20  100  *im).  the  corresponding 
ex|M»sures  (in  units  presented  here  as  photons  per  square 


Reprinted  from  .Journal  of  (he  Optical  Society  of  America  It,  Vol.  /,  p.  828,  December  1984 
('opyright  ®  1981  by  tbe  Optical  .Society  of  America  and  reprinted  by  permission  of  Ibe  copyright  owner. 


Hcnkt*  iji 


J.  Dpi.  S<K'.  Am  BAol  I.  Nt>- »5,T)ecemlM*r  19h4 


OOi  — i 

lOO  lOOO  lOOOO 


£(«wl  - - 

Fig.  I  Compari&4in  nl  lh«  sensitivities  of  the  five  investigated 
spectruscupic  Tilms  for  the  lUO-IO,OOl)-eV  photon-energy  region. 
Sensitivity  is  defined  here  as  the  reciprocal  of  the  exposure  /  (photons 
per  square  micrometer)  that  is  required  to  establish  a  specular  density 
of  0  5.  These  curves  were  developed  in  this  research. 

micrometer),  arul  the  photon  energy.  Generally,  this  requires 
microdensitometer  measurements  using  numerical  apertures 
for  the  objective  and  the  illumination  lenses  of  about  0.1-0.25. 
Pur  such  densitometry,  effectively  all  the  absorbed  and  the 
scattered  light  is  subtracted  from  the  incident  light  beam  to 


deline  the  resulting  transmitted  beam.  I'he  measured  ratio 
of  the  transmitted  to  the  incident  light  r  then  yields  essen¬ 
tially  the  specular  optical-density  value  U.  which  is  defined 
by  the  relation 

=  logiiil  1- r)  (II 

If  all  the  light  that  is  scattered  in  the  forward  direction  is  in¬ 
cluded  in  the  measurement  of  the  transmitted  beam,  the 
corresponding  diffuse  optical  density  that  is  calculated  by 
using  iCq.  ( 1 )  has  a  somewhat  smaller  value.  Often  the  diffuse 
densities  are  reported  in  the  literature  that  characterizes  a 
particular  photographic  material.  For  the  five  films  studied 
here,  the  relationships  between  specular  and  diffuse  densities 
have  been  experimentally  determined  and  are  presented  in 
Appendix  A.  It  should  be  emphasized  that  it  is  specular 
density  that  is  directly  measured  in  most  analyses  of  photo¬ 
graphically  recorded  spectra.  All  the  optical  densities  that 
have  been  measured  here  are  specular,  as  defined  by  nearly 
matched  microdensitometer  illumination  and  objective  lens 
numerical  apertures  of  0. 1  Occasionally,  when  Tine  spec¬ 
troscopic  detail  requires  the  use  of  slits  smaller  than  those 
used  in  this  research,  matched  numerical  apertures  of  0.25 
may  be  employed.  With  these  apertures  the  optical  densities 
that  are  measured  will  be  somewhat  smaller  because  mure  of 
the  diffuse  scattered  light  is  accepted  by  the  objective  lens. 
We  have  also  included  in  Appendix  A  measurements  that 
permit  a  conversion  between  density  values  measured  at  0.25 
and  those  measured  at  our  O.I  numerical  apertures. 

An  operational  method  has  been  developed  for  the  specular 
microdensity  cal. oration  of  spectruscupic  films;  the  method 
is  based  on  a  direct  comparison  of  the  photographically  re 
corded  spectrum  to  the  corresponding  measured  absolutely 
calibrated  (photons  per  second  per  square  micrometer) 
spectrum.  As  illustrated  in  Fig.  2,  this  is  accomplished  by 


elliptically  curved  analyzing  crystal 
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Fig.  2.  The  elliptical  aiialv/er  s|».<  tr<igraph  lhal  was  umhI  togeiierate  normal  inciclence  line  ^|)<■^  ir.i  in  ihi- Uxi  Iii.imni  < A  \  r.iv  region  i.An 
X  ray  line  source  anil  the  scatter  afierture  are  liaateil  at  the  res|H-i  live  local  iMiinls  for  an  elliplicalK  <  nrved  <  vlinilrn  .il  >  r\  -l.il  analyzer  I  5 
spectrum  is  recorded  on  a  film  lia  ateil  along  the  detection  tirrie  A  corres|M>nding  absolute  iiileiisiu  «|h  i  irum  o  iin-.isor.-d  ti\  Iranslatiiii’  .1 
lluw  priiportional  counter  along  the  same  circle  I'he  s|>ecular density  on  a  photographically  rciorded  [M-.ik  o  n  l.iled  lo  tin-  .ibsolule  inleii'il'. 

(pholuns  per  square  micrometer)  and  is  measured  using  matched  inicrodensilometer  and  pro|Miriioii.il  . .  .  -lit'  ol  \\idi)is  i)ial  .ire  small 

ciimpared  with  the  sfieclral  linewidlh  (For  the  measurements  descrilied  here,  the  mirrnr  iiioiiih  timni.ilor  w.is  noi  n-ipiired  1 
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establishing  along  a  normal  incidence  detection  circle  a 
Bragg-reflected  spectrum  by  means  of  an  elliptically  curved 
cylindrical  crs-stal  A  small-slit  *-ray  source  and  a  scatter 
aperture  are  located  at  respective  focal  points  for  the  given 
elliptical -analyzer  profile  A  detailed  description  of  this  el¬ 
liptical-analyzer  spectrograph,  including  a  description  of  the 
crystab  and  the  multilayers  employed  for  establishing  the 
normal-incidence  detection  of  spectra  in  the  100-10,000-eV 
region,  was  recently  presented  in  another  paper.*  Also  de¬ 
scribed  in  Ref.  6  are  the  procedures  by  which  the  absolute 
spectral  intensities  are  obtained  using  a  calibrated,  flow- 
proportional  counter  that  is  scanned  along  the  detection  circle 
(using  a  goniometer  with  its  axb  through  the  focal  piwnl  at  the 
scatter  aperture).  The  flow  proportional  counter  is  pressure 
tuned  and  calibrated  for  absolute  photon  counting  by  a 
method  that  was  also  described  previously.'  Peak  intensities 
and  corresponding  microdensities  are  measured  with  matched 
microdensitometer  and  proportional -counter  slit  systems  with 
slit  widths  that  are  set  to  be  small  compared  with  the  instru¬ 
mental  spectral  linewidths  (^l(X)|iml.  Peak  intensities  and 
microdensities  are  compared  on  spectral  lines  that  are  re 
corded  at  a  series  of  exposure  times  under  constant  and  known 
x-ray  spectral-line  intensities 

Characteristic  x  radiations  at  nine  photon  energies  in  the 
lf)0-2(XX)-eV  region  were  obtained  using  demountable  x 
ray-tube  anodes.'  which  provided  broad-source  large-angle 
illumination  of  the  source  slit.  The  anodes  were  of  pure 
metals  except  fur  the  graphited  and  the  anodized  aluminum 
anodes,  which  provided  the  characteristic  ('  -Ko  (277-eVi  and 
the  0-Ko  (.i25-eVl  radiations  The  other  characteristic 
photon  energies  were  Be  Ko  ( U>9  eV’l.  Mo-Mf  (I9;l  eVl. 
Cr-l.i<»  (57;l  eV).  Fe  Ui  (TO.ieVt.  ('u-l>i  (9:10  eV).  Al-K<i  (1-187 
eVl.  and  Mo  Lo  (2291)  eVl  .Appropriate  filters  and  x  ray 
tube  anode  voltages  were  selected  to  minimize  any  high  order 
Bragg -reflected  line  or  continuum  background  that  might  be 
associated  with  the  measured  spectral  lines.  An  analysis  of 
the  proportional -counter  pulse-height  spectrum  was  applied 
to  estabibh  that  any  background  remaining  at  a  given  spectral 
line  was  first-order  diffracted  and  essentially  of  the  same 
photon  energy  as  (hat  of  the  line  itself  For  this  reason,  peak 
intensities  and  microdensiiies  did  nut  retjuire  correction  fur 
extraneous  x-ray  background  and  were  considered  totally 
characteristic  of  the  given  spectral-line  photon  energy. 

The  measurement  procedure  was  as  folluwrs:  The  absolute 
photons-per-second  per-square-micrometer  counting  rates 
on  the  spectral  lines  were  set  by  adjusting  the  x-ray-tube 
power  to  yield  line  intensities  of  the  order  of  several  thousand 
counts  per  second.  The  source  was  then  monitored  fur  con¬ 
stancy  by  moving  the  counter  to  the  direction  of  zero  angle, 
stopping  the  beam  down  in  this  position  by  means  of  a  fine  slit 
at  the  counter  window  to  yield  approximately  the  same 
counting-rate  levels  as  those  for  the  reflected  lines.  A  film 
cassette  was  then  moved  into  place  with  the  film  to  be  exposed 
along  the  same  detection  circle,  and  a  multiple-expiMure  series 
was  made  using  a  spisiled-film  transport  controlled  through 
a  flexible  cable  and  a  magnetic  coupled  feedthrough  to  outside 
the  vacuum  chamber.  After  each  expiwure.  the  diffracted  line 
intensities  were  measured  again,  and,  if  necessary,  a  small  drift 
correction  for  this  intensity  was  made.  Ten  or  more  den- 
sity-versus-exposure  points  were  taken  at  each  of  the  nine 
photon  energies  for  each  film.  (It  was  necessary  to  spray  a 
thin  film  of  static-charge-eliminating  solution  on  the  back 


surface  of  the  101-07  film,  which  has  no  overcoat  protection, 
in  order  to  eliminate  the  static -discharge  background  expoaure 
associated  with  transporting  this  type  of  film  in  vacuum.) 
Manufacturer-recommended  film-prooeming  procedures  were 
followed,  and  these  are  described  in  Appendix  B. 

Repeated  microdensitometer  measurements  were  made 
using  instruments  with  0. 1  numencal  apertures  for  both  the 
illumination  and  the  transmission  beam  cones.  One  set  was 
measured  at  the  I’niv-ersity  of  Hawaii  on  a  microdensitocneter 
with  a  100-|im  slit  (Ikvller  &  Chivens  Microphutometer,  Model 
1421.')).  Other  sets  were  measured  at  the  Sandia  National 
l,aburatories  and  at  the  Lawrence  Livermore  National  Lab 
oratory  using  a  30-|im  slit  and  integrating  to  the  same  total 
slit  size  as  that  of  the  first  measurements.  (The  instruments 
used  fur  these  measurements  were  Phutometne  Data  Systems 
Model  1010  microdensitometers.)  We  found  no  significant 
differences  among  these  independent  measurements  of  film 
densities. 

These  data  were  computer  plotted  as  log  0  versus  lug  /.  D 
versus  /.  and  D  versus  lug  /.  Examples  of  these  initial  plots 
for  the  five  films  exposed  to  O-Ko  ( 525  eV)  are  shown  in  Figs. 
:1  7  The  onset  region,  plotted  as  D  versus  /,  must  allow  a 
linear  extrapolation  to  the  origin,  and  this  constitutes  a  check 
on  the  background  subtraction  that  yielded  these  net  densities 
from  the  measured  gross  densities.  The  correction  to  net 


Kig  3  The  measured  f>  versus-/  data  ubtaincd  (or  the  five  films  at 
nine  photon  energies  and  compuier  plot  led  as  illustrated  here  fur  the 
Id  07  film  at  Ihe  O-Ko  (.S25-eVt  photon  energy.  The  smooth  curves 
were  generaled  bv  the  universal,  semiempincal  equation  developed 
in  this  (taper  (ur  Ihiv  (lartirular  film 


Kig  4  .Same  as  Kig  .)  lor  the  .SH  Ki'i  film 


wm  Ola 


Hmikf  » :  j 


Kif  S  S4m«A>Ki|!  Wor  (he  KAK  J4^T  him 


Ki|  6  Samf  4s  Kik  U-ir  the  KAH  J4y- film 


Kik  T  Sime  4»  Ki|C  -I  (or  the  KAK  ..'49'i  (ilm 


densiiiM  involved  cancelinc  the  transmiiuon  o(  an  uneipaacd 
purtiun  of  film  from  the  measured  transmission  so  that  the 
resulting  transmission  r  would  be  the  result  of  only  the  effect 
of  the  exposed  and  developed  grain  density  as  defined  by  Ivq. 
1 1 1  Also  plotted  in  Kigs.  ;)-7  are  the  semiempirical  model 
curves  obtained  as  described  below.  As  noted  in  Part  1,^  the 
averaged  universal  model  curves  were  derived  from  fitting 
many  different  film  sample  measurements  at  many  different 
photon  energies.  Discrepancies  with  the  experimental  data 
on  individual  films  from  these  universal -model  predictions, 
particularly  at  the  low  statistics  low -exposure  regions,  may 
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be  the  result  mostly  of  a  variatioa  of  the  developinent  condi¬ 
tions  and  of  the  absolute  photon- intensity  calibrations  for  the 
individual  film  measurements. 

In  Tables  1-5,  we  present  for  the  five  films  the  averaged 
density  versus  the  normal -incidence  exposure  data  for  the 
nine  photon  energies  in  the  10&-2000-eV  region  (also  pre¬ 
sented  in  Tables  10-14  in  Appendix  C  at  regularly  spaced 
energy  intervals  in  the  extended  100-10,(X)0-eV  region). 
Listed  in  these  Ublca  are  letters  referring  to  the  characteristic 
absorption  edge  energies  given  in  Table  6  for  the  silver-bro¬ 
mide  and  for  the  carbon,  nitrogen,  and  oxygen  constituents 
of  the  gelatin  in  the  photographic  emulsion.  At  these  photon 
energies,  significant  discontinuities  may  occur  in  the  film- 
sensitivity  versus  photon -energy  curve.  As  may  be  noted 
from  Fig.  I.  the  carbon,  nitrogen,  and  oxygen  edges  are  nut  in 
evidence  for  the  101 -type  film,  which  coiuists  of  essentially 
a  monolayer  of  silver  bromide  grains  with  no  absorbing 
overcoat  of  gelatin  (as  is  present  for  the  emulsion -film 
types). 

The  significant  systematic  errors  occurring  in  these  cali 
bratioits  were  usually  in  the  determiiution  of  the  absolute 
photon  intensities.  Such  erron  were  discovered  by  comparing 
ploU  of  /  versus  E  at  constant  density  D  for  the  five  films.  If 
calibration  enors  were  made,  the  corresponding  /  point  would 
be  systematically  off  an  average  /  versus -£  plot  for  all  five 
films.  (All  films  were  measured  at  the  same  calibrated  line 
intenaitica. )  After  correcting  fur  these  sysumatic  errors,  the 
residual  statistical  errors  in  the  D-versus-/  dau  were  averaged 
out  by  least-squares  fitting  of  the  D-versus  /  data  to  polyno¬ 
mials  of  the  form 

logD  -  A  4  aiog/  4C(log/)2. 

The  averaged  density  data  were  then  plotted  as  universal 
curves  (for  an  appropriate  range  of  photon  energies)  by  a 
procedure  that  was  developed  in  Part  I.*  These  curves,  along 
with  the  definitioiu  of  the  appropriate  scaling  factors  that 
account  for  the  dependence  on  photon  energy  E,  are  presented 
m  Figs.  12.  Fur  the  determination  of  these  scaling  factors 
|di.  ■>.  and  d  (defined  in  Figs.  ^I2)|  and  of  the  linear  ab- 
Mirptiun  cuefficienia  (po  for  gelatin.  pi  for  AgBr,  and  p  fur  the 
heterogeneous  emulsion),  absorption  data  were  calculated 
using  data  recently  compiled  by  Henke  r(  al  *  The  hetero¬ 
geneous  absorption  coefficient  was  derived  in  Part  P  to  be 

p'  “  Po  -  (l/d)ln(l  -  Vll  -  exp|-(pi  -  Po)d||).  (2) 

This  reduces  to  the  linear  absorption  coefficient  fur  a  homo¬ 
geneous  system  fur  which  the  AgBr  grain  size  d  approaches 
a  small  value,  viz.. 

p  “  ( 1  -  W  )po  ♦  V'p  I .  ( 3 1 

A  oimparisun  of  p'  and  p  for  the  heterogeneous  and  the  ho¬ 
mogeneous  models  of  the  RAR  2492  film  is  presented  in  Fig 
13. 

The  film -structure  parameters,  the  grain  size  d,  the  effective 
surface-layer  thicknesses  do  and  (|,  and  the  AgBr  volume 
fraction  V  that  appear  in  the  scaling  factors  o,  d.  and  di  were 
determined  as  described  in  Part  1'^  by  an  iterative  computer- 
plotting  technique  in  the  generation  of  the  universal 
curves. 

As  a  test  of  the  validity  of  the  semiempirical  model  equa¬ 
tions  that  were  derived  in  Part  l.^'  the  equations  were  filled 
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Table  1.  Exposure  /  iphotons/iini*)  at  Various  Net  Densities  for  Film  101-07 


Plwton 

Absorption 

Energy 

Net  Density  D  (Spectilar.  0.1  x  0.1  nA) 

Wavelength 

Edge 

EleVl 

0  2 

04 

0.6 

0.8  10  1.2  1.4 

1.6 

1.8 

X(A) 

A* 

109 

034 

0  73 

1  17 

1  68  2  '29  3.04  4  02 

5  44 

8.07 

114.27 

193 

034 

0  73 

1  17 

1 68  2  29  3.04  4.02 

5.44 

8.07 

64.37 

r* 

>77 

0  34 

0  73 

1  17 

1 68  '2.29  3  04  4  02 

5.44 

8.07 

44.76 

S25 

0  ,14 

0  73 

1  17 

1  68  2  29  3  04  4  02 

5.44 

8.07 

23.62 

=173 

0.14 

0  73 

1  17 

1 68  2  29  3  04  4  02 

5.44 

HOT 

2164 

705 

0.14 

0  73 

1  17 

1 68  2.29  3.04  4  02 

5  44 

8.07 

17.59 

910 

0  34 

0  73 

1  '7 

168  2 ->9  3.04  4  02 

.5  44 

8.07 

13.34 

E' 

1497 

0  37 

0  78 

1  25 

1  80  2  45  3  25  4  30 

5.83 

8  64 

8.34 

2293 

o:i9 

0  83 

1  31 

1  91  2  60  3  45  4  56 

6  18 

9  16 

5.41 

*  Hr  M4  rdge 

•  N  K  .  Ag  M* 
Hr  Ljj  edge 

sfd«n 

Table  2. 

Exposure  1  ( pholoas/pm*)  at  Various  Net  Densities  for  Film  SB-392 

Pholon 

Absorption 

Energy 

Nel  Density/)  iSperular.O  1  x  0.1  nAP 

Wavelength 

Edge 

E  (eV) 

02 

0  4 

06 

0.8  10  1.2  14 

16 

18 

2.0 

X(Al 

A* 

109 

3  82  01 

9  59  01 

1  8) 

02 

.1  14 

02  5  1202  8  1202  1.26  03 

1.94  03 

2  97  0.1 

4  52  03 

114 '27 

19.1 

9  8.1-01 

2.14  Ul 

4  >2 

00 

6K2 

00  1  04  01  1.54  01  2.23  01 

3.1801 

4.49  01 

6.3101 

64  37 

B 

277 

3  41-01 

7  78-01 

1  34 

00 

206 

00  -2  9800  4.1600  5  68  00 

7.63  00 

1  01  01 

1  33  01 

44.76 

(•'* 

S.'.S 

HOrt  -01 

1  91  00 

3  42 

00 

5.48 

00  8  30  00  1  22  01  1  74  01 

2  46  01 

3  45  01 

4.8001 

23.62 

D' 

57.1 

181  00 

4  43  00 

8  13 

00 

1  34 

01  2.0901  3  1501  4  67  01 

6.82  01 

9.88  01 

1.42  02 

2164 

705 

7  57  -01 

1  79  00 

3  19 

00 

5.10 

00  7.7100  1  1301  1  61 01 

2.27  01 

3.1701 

4  3901 

17.59 

9)0 

3  41  -01 

7  76  -01 

13) 

00 

205 

00  >  96  00  4  13  00  5.62  00 

7.53  00 

9  99  00 

1.3101 

13  34 

K/ 

U87 

1  82  -01 

3  97  -01 

6.50- 

-01 

9  49 

-01  1  3000  1  7300  2.24  00 

2.86  00 

.3.62  00 

4  5500 

8.34 

.>->93 

1  45  -01 

3  12  -01 

5  06  - 

-01 

7.33 

-01  1  0000  1.3200  1  70  0<1 

2  17  00 

2  75  00 

.'1.4800 

5  41 

*  In  <Hir  nouiitifi  in  this  uhl«.  «  number  Ittikmed  by  •  tpece  erMl  ■mHher  numbef  indKAlet  iKel  the  finl  number  i»  to  be  multiplied  by  lU  raised  to  the  power  of 
I  hr  «etond  number  e  s  .  4  49  -01  means  9  49  *  10*' 

*  Hr  M4  edge 
'  t'  K  edge 

*  N  K.  Ag  M4  j  edge* 

'OK  edge 

'  Hr  Lurdge 


lo  the  univervil  plots  of  Figs.  8-12  and  pr«s«nte<l  therein  as 
the  smcMith  curves.  For  the  monolayer  type  film  (Kodak 
101  -07)  the  model  equation  is 

"  ai|l  -  eap(-6i4i/l|.  lO 

and,  for  the  thick -emulsion  film,  the  model  equation  is 

III)  “  a  ln(l  +  b(il)  (.5) 

1  Note  that,  to  apply  this  relation,  as  m  Figs.  8-12,  we  used 
D -versus-/  data  only  for  photon  energies  below  1500 eV,  for 
which  it  could  be  assumed  that  the  photons  were  essentially 
absorbed  within  the  emulsion.) 

In  establishing  these  least-squares  fits,  the  parantetertoi, 
h  I ,  a ,  and  b  were  determined.  In  Table  7  these  parameters, 
along  with  the  empirical  film  structure  parameters,  are  pre¬ 
sented  for  the  five  films  that  have  been  characterized  in  this 
study. 

Finally,  the  semiempirical  equation  that  has  been  derived 
in  Part  I'  for  thin  emulsions  (of  thicknesses  T  such  that  not 


all  the  incident  photons  are  absorbed  within  the  emulsion) 
becomes 

1  +  bill 

III)  »  u  In - ; - •  (6) 

I  -f  bfil  exp( -jiT/sin  0) 

The  fitting  described  above  was  on  the  D -versus-/  data  that 
were  directly  measured  for  normal -incidence  intensities  (for 
8  in  the  above  equations  set  to  90*).  Because  fur  many 
spectroscopic  applications  the  incident  intensities  on  the 
photographic  films  are  not  at  90*.  the  8  dependence  that  has 
been  included  in  these  semiempirical  equations  is  essential. 
In  order  to  test  the  accuracy  of  this  predicted  8  dependence, 
we  have  measured  for  a  given  photon  energy  the  //-versus-/ 
data  at  a  series  of  incidence  angles.  The  method  of  mea¬ 
surement  is  illustrated  in  Fig.  14.  A  small  line  source  of 
monochromatic  radiation  was  generated  by  placing  a  thin  wire 
(source  of  characteristic  fluorescent  line  radiation)  near  the 
window  of  a  demountable  s-ray  excitation  source.  The 
characteristic  line  radiation  from  this  wire  source  was  isolated 
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by  using  an  appropriately  filtered  excitation  radiation  of  en¬ 
ergy  only  slightly  higher  than  that  excited.  The  source  ex¬ 
poses  a  film  that  is  wrapped  under  tension  around  a  cylinder 
as  shown  in  Fig.  14.  The  variable  angle  of  incidence  $  is  re¬ 
lated  to  the  distance  r0,  as  measured  along  the  developed -film 
density  pattern,  by  the  relation 


0  =  tan"' 


cos  ifi  +  (r/R) 
|sin(^( 


(7) 


The  intensity  /  at  a  given  position  along  the  film  is  given  by 


/  =  /(90“) 


(fi  -  r-’l 


R  -  +  r  -  -  2Rr  cos  0 


(8) 


The  normal  intensity  I  (90°)  is  determined  from  the  value  of 
the  optical  density  D,  as  measured  at  the  center  of  the  densi¬ 
tometer  tracing,  using  the  normal-incidence  D-versus-/  cali¬ 
bration  curves.  With  these  relations,  D-versus-0  plots  may 
be  generated  for  constant  I  and  for  a  given  photon  energy. 
Such  plots  were  presented  in  Part  P  for  the  101-07  and  the 
RAR  2497  Hlms.  Presented  here  in  Fig.  15  is  a  D-versus-d  plot 
for  the  Kodak  RAR  2492  film  at  the  photon  energy  of  Al-Ka 
(1487  eV).  On  all  these  plots  we  have  also  presented  the  D- 
vetsus-^  curves  for  constant  incident  intensity  /,  as  predicted 
by  the  semiempirical  relations  given  above.  It  may  be  noted 
that  the  agreement  between  the  experimental  data  and  the 
predictions  of  the  model  relations  is  quite  satisfactory. 


Table  3.  Exposure  /  (photons  /im*)  at  Various  Net  Densities  for  Film  2497 

Photon 

Absorption  Energy  _ Net  Density  D  (Specular,  0.1  x  0.1  nA)* _  Wavelength 

Edge  t’leVi  ii  J  0.4  06  0.8  1.0  1.2  1.4  1.6  1.8  2.0  A  (A) 


109 

74.S 

00 

2  11  01 

4.6101 

9.1701 

I  7502 

3.28  02 

6.08  02 

1.1203 

2.06  03 

3.77  03 

114.27 

193 

1  60 

00 

3  98  00 

7.53  00 

I  2801 

2.07  01 

3.24  01 

4.99  01 

7.5901 

1.1502 

1.72  02 

64.37 

277 

8.48 

-01 

1  97  00 

3.4500 

5.4000 

7  99  00 

1.1401 

1.6001 

2.20  01 

3.01  01 

4.09  01 

44.76 

525 

1  48 

00 

3.64  00 

6.77  00 

1.1301 

1.80  01 

2.7601 

4.17  01 

6.22  01 

9.1901 

1.35  02 

23.62 

573 

231 

00 

5.93  00 

1.1601 

2.0501 

3.4601 

5.66  01 

9.1101 

1  45  02 

2.30  02 

3.64  02 

21.64 

705 

1  51 

00 

3  68  00 

6.8000 

1.1301 

1.7801 

2.7001 

4.04  01 

5.97  01 

8.73  01 

1.27  02 

17.59 

930 

1  05 

00 

2.41  00 

4  1600 

6  4100 

9.33  00 

1.3101 

1.80  01 

2.44  01 

3.27  01 

4.37  01 

13.34 

1487 

9  42 

-01 

2.04  00 

3.34  00 

4  87  00 

6.7100 

8.94  00 

1  1701 

I  51  01 

1.95  01 

2  5401 

8.34 

2293 

859 

-01 

1.85  00 

3.0100 

43800 

6.0200 

8.0100 

1.0501 

1.36  01 

1  77  01 

2.33  01 

5.41 

*  In  iHjr  nowtiun  m  thu  Ubie.  i  number  followed  by  a  tpace  and  another  number  indicataa  that  the  firat  number  u  to  be  multiplied  by  10  railed  u>  the  power  of 
the  second  number,  e  | .  9  41  -01  meant  9  42  x  10”' 

*  Br  M<  ed»e 
‘  C  K  edge 

4  N  K.  Af  M4  ted(et 
'  O  K  edge 
'  Hr  Li  j  edge 


Table  4.  Exposure  /  (photons/pm*)  at  Various  Net  Densities  for  Film  2492 


Photon 


Abaorption 

Energy 

Net  Density  D  (Specular,  0.1  x  nA)* 

Wavelength 

Edge 

fleVi 

0  2 

04 

0.6 

08 

1.0 

1.2 

1.4 

16 

1.8 

2.0 

A  (A) 

A* 

109 

6  67  00 

1.74  01 

3  46  01 

6  2301 

1.07  02 

1.78  02 

2.93  02 

4  78  02 

7.75  02 

1.25  03 

114.27 

193 

1  47  00 

3  48  00 

6  22  00 

9  98  00 

151  01 

2  2101 

3.1701 

4.48  01 

6  28  01 

8  73  01 

64.37 

B' 

277 

7  89  -01 

1  77  00 

2  99  00 

4.51  00 

6.4100 

8.77  00 

1  1701 

1  5401 

2.00  01 

2.57  01 

44.76 

C* 

D' 

525 

1  16  (Ml 

3  19  (XI 

5  65  00 

8  9500 

1.34  01 

1  93  01 

2.73  01 

3  80(11 

5  24  (II 

7  1701 

23.62 

573 

2.11  00 

5  11  00 

9.38  00 

1.5501 

2.41  01 

3.65  01 

5.41  01 

7  9201 

1.15(12 

1  66  02 

21  64 

705 

1  39  00 

1  24  (Ml 

5.70  00 

8.98  00 

1.33  01 

191  01 

2.68  01 

3.71  01 

5,08  01 

6  89  01 

17.59 

930 

9  85  -01 

2  1800 

3.65  00 

5  4300 

7.62  00 

1  03  01 

1.35  01 

1  75  01 

2.25  01 

2  85  01 

13.34 

E' 

1487 

8  89  -01 

1  89  00 

.3  a3  00 

4.3200 

.5  81  00 

7  51  00 

9.4900 

1  1801 

1  45  01 

1  7801 

8.34 

2'293 

8  13  -01 

1.72(10 

2.75  00 

3  90  GO 

5  2.3  00 

6.75  (10 

8  51  UU 

1  U6UI 

i.:tooi 

1  60  01 

5.41 

*  In  nor  niiUttiko  in  (hut  a  number  ft>tlti«ii«<j  by  a  apac«  and  another  number  indicalet  that  the  fint  number  la  multiplied  by  10  raised  U>  the  power  of  the 
»«ec4»rMl  number,  e  c  .  I  78  o*2  means  I  7H  x  liH 
*Hr  M«  ed«e 
'  C  K  ed*e 
^  N  K.  Af  M4  5  ed(e« 

'OK  edge. 

^  Hr  Li  2  edge 
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Table  5.  Exposure  I  (photons/Mni~)  at  Various  Net  Densities  for  Film  2495 


Absorption 

Edge 

Photon 
Energy 
E  (eVI 

Net  Density  D  (Specular,  0.1  x  0  1  nA)* 

Wavdengtli 

X(A) 

0: 

2 

0.4 

0.6 

0.8 

1.0 

1.2 

14 

16 

1.8 

2.0 

A'’ 

109 

2.73 

00 

7.14 

00 

1.43  01 

2.59  01 

4.46  01 

7.50  01 

1  24  02 

2  04  02 

3  33  02 

5.4102 

114 

.27 

193 

6,62 

-01 

1.60 

00 

2.92  00 

4.7900 

7.42  00 

1.11  01 

I  6401 

2  38  01 

3  43  01 

4.92  01 

64 

37 

B' 

‘ 

4  04 

-o; 

9  .34 

-01 

1  63  00 

2  .54  00 

3  73  00 

5.29  00 

7.34  00 

1  0001 

1  36  01 

I  82  01 

44 

76 

525 

6  22 

-01 

1  49 

(K) 

2  68  IK) 

4  ;t5  00 

666  00 

9  88  00 

1  43  01 

2  05  01 

2  92  01 

4  II  01 

23 

62 

D' 

573 

9  08 

-01 

2  23 

00 

4  16  00 

6  97  00 

1  11  01 

1  70  01 

2,57  01 

3  84  01 

5  68  01 

8  3601 

21 

64 

70.S 

6.32 

-01 

1  50 

IKI 

2  69  00 

4  :t3  00 

6  5900 

9  68  00 

1  3901 

1  98  0! 

2  78  01 

.3  88  01 

17 

59 

9.30 

4.80 

-01 

1.09 

(X) 

1  8.5  00 

2  83  00 

4  05  00 

5  61  00 

7.57  00 

1  01  01 

1  32  01 

1  72  01 

13 

34 

1487 

4.36 

-01 

9  34  ■ 

-01 

1  51  00 

2  16  00 

2  92  00 

3  80  00 

4  83  00 

6  03  00 

7  46  00 

9  16  00 

8 

34 

E' 

2'.>93 

4.01  • 

-01 

8.52  ■ 

-01 

1716  00 

1  94  00 

2  60  00 

3.36  00 

4  25  00 

5.28  00 

650  00 

7  95  00 

5 

41 

*  In  «Hjr  notjtion  m  this  ubie.  a  number  followed  bv  a  space  and  another  number  indicataa  that  the  first  number  la  to  he  multiplied  b>  10  raised  u>  the  p^er  ot 
the  second  number,  e  g  .  S  52  —01  means  8  n2  x  10'* 

*  Hr  M4  edge 

K  edge 

^  N  K.  Ag-M4  s  edges 
'  t)  K  edge 
f  Hr  \^  2 


Table  6.  Absorption  Edices 


Edge 

E  (eVl 

A 

Br  M« 

71 

B 

IK 

284 

(• 

N  K.Ag  Mr  s 

398-402 

1): 

OK 

532 

E 

Br  Li.j 

1.553-1599 

K 

Ag  L.i.j 

3351-35-26 

5  0 


SB  *992 

evuLS»0N 


ihpnotons  • 


Ki|{  8  I'niv^rsal  pliil  fur  th»  SB  M9'2  film  uiinn  lh»  I)  v»riu*  /  «1«U 
mrasurrd  at  ei([ht  phoUm  rnericm  in  the  100  •‘iiiil  fV  r^mn  and  the 
enerity  dependent  scalinK  factors  mited  here,  n  and  J  The  smuuth 
curve  IS  a  least  vjuares  fit  uf  the  semiempincal  lUj  (.M 

3.  DETERMINATION  OF  SPECTROSCOPIC 
FILM-RESOLUTION  LIMITS 

For  the  calibrations  descrilted  alMAe,  the  |)ro|>>rtional  cuunu. 
and  microdensitometer  slits  were  set  equal  to  lUU  pm.  which 
is  small  compared  with  the  spectral  linewidths  generated  by 
the  low-energy  x-ray  speciroKraph.  (In  a  few  instances,  the 
x-ray  source  slit  was  broadened  in  order  to  ensure  that  the 


spectral  linewidths  did  satisfy  this  criterion  I  It  was  then 
assumed  that  the  measured  peak  densities  were  precisely  re¬ 
lated  to  the  corresponding  absolute  peak  intensities  through 
these  D-versus-/  calibrations  not  only  for  the  measured  lines 
but  also  for  any  that  are  broader  It  is  also  important  to  know 
how  narrow  the  line  and/or  how  closely  spaced  ad)acent  lines 

JO 

2497 


0i  o  *0  '00 

f'l*  9  Ssmr  Ki*  H  lor  thr  H.\K  Jt'i:  iilm 

JO 

2492 


KiK  liJ  Stfitif  Kg  Ittf  t  llr  K  Al(  J  r<-*  I  •  lift 
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Fif .  1 1  Same  ts  Fiu  8  for  the  RAR  249.“)  film. 

3  c 

101 -or 


12.  l  nive  ial  plot  1)  versua  d\l  for  the  101  07  Him  in  which  the 
acalinf  factor  di  noted  here  introduce*  the  entire  photon -energy  de 
pendenc*  D  venus  I  data  were  uaed  aa  meaaured  at  ei(tht  photon 
eneifMa  in  the  lOO-  ISOO  eV  r«fion.  The  amuuth  curve  waa  obtained 
uainf  the  univcraat  lemiempirical  Kq.  (41. 

may  be  before  the  effect  of  line  spreadinK  within  the  emulsion 
prevenu  an  accurate  determination  of  the  peak  intensity  when 
using  the  D  versus-/  calibrations  that  have  been  presented 

here. 

A  simple  lest  has  been  applied  for  the  spectroscopic  film- 
resolution  limits,  it  is  based  on  an  analysis  of  contact  micro- 
radiograms.  which  are  made  using  a  linear  zone  plate  of  gold 
bars  to  simulate  an  appropriate  range  of  spectral  linewidths 
and  spacingt.  The  spacings  between  bars  varied  according 
to  the  Fresnel  relation  (or  the  position  of  the  bar  edges  of  the 
zone  plate 

I  *  UiOv^ 

These  micrustructures  were  provided  for  this  research  by 
('egiio  ft  at  *  and  were  constructed  by  photolithograpbic 
techniques  similar  to  those  currently  used  in  the  microelec¬ 
tronics  industry  fur  the  generation  of  integrated  circuitry.  A 


Tinal  electroplating  procedure  was  applied  to  produce  rela¬ 
tively  thick  gold-bar  microstructures.  The  gold-bar  struc¬ 
tures,  of  about  8  pm  in  thickness,  are  essentially  opaque  to  the 
low-energy  z  rays  that  were  used  to  generate  the  contact  mi¬ 
croradiograms.  The  spacings  and  the  openings  between  the 
bars  X  2  “  *  1  and  x  100  -  X99  for  the  original  100-line  zone-plate 
mask  were  about  40  and  5  ^m,  respectively.  After  the  final 
gold  plating,  the  openings  were  accurately  measured  and 
found  to  be  somewhat  narrower  (3-38-/im  range).  In  Fig.  16 
is  shown  a  photomicrograph  of  a  small  section  of  the  2  mm  X 


lO 


Fig.  13.  Comparison  of  the  heterogeneous  linear  absorption  coeffi¬ 
cient  for  the  RAR  2492  film  with  the  linear  absorption  coefficient  for 
an  amorphous  system  of  the  same  volume  fraction  of  AgBr.  Note  the 
appreciable  difference  in  the  low-energy  x-ray  region. 


Fig.  14.  Kxperimental  method  for  the  determination  of  the  effect 
of  the  angle  of  incidence  9  on  exposure.  The  film,  wrapped  around 
a  2.5-cm  ( l  -in)  cylinder,  is  exposed  by  a  filtered,  fiuorescent-line  ra¬ 
diation  source.  The  source  is  a  thin  wire  placed  near  the  window  of 
an  X  ray  tube  of  effective  excitation  photon  energy  just  sufficient  to 
excite  the  desired  characteristic  fluorescent  line  from  the  wire 
source. 


Table  7.  Empirical  Universal  Equation  Parameters 


Film 

I  igimi 

d  («mi 

(ill  (|imi 

V 

T  (|iml 

a  (pm  '1 

b  (pm-'l 

.>19: 

0  i 

0  ;i 

0  1 

7  U 

0.414 

n.4.S4 

.'19.’ 

0  1 

0  t 

(1 

0  i 

7  0 

0  .V27 

o.:i72 

.’49S 

0  t 

<).( 

06 

0  2 

7  0 

()..S2H 

0.926 

SB  19.’ 

1 0 

1 0 

1  .S 

0  2 

100 

0  2H.S 

1.41 

101  0: 

f 

1  >«gin)  J  0 

0|.  1.9.S7 

hi  (pm-l: 

0.3128 
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Fig-  15.  Comparison  of  the  D-versus-8  data  (measured  as  illustrated 
in  Fig.  14)  for  constant  incident  intensity  /  and  energy  Al-Ka  (1487 
eV)  with  that  predicted  by  the  universal  semiempirical  relation  Eq. 
(6)  for  the  RAR  2492  film. 


Fig.  16.  Photomicrograph  of  a  section  of  the  linear  zone  plate  that 
was  applied  to  simulate  eiposures  to  spectral  lines  of  varying  width 
and  spacing.  The  zone  plate  is  formed  by  S-pm-thick  gold  bars  with 
openings  that  vary  from  3  to  38  pm.  The  bars  are  essentially  opaque 
to  the  1  radiation  that  was  used  to  generate  the  contact  microradi¬ 
ograms  |Mg-Ka  (1254  eV)|. 


Fig.  17.  Densitometer  tracing  (with  a  2  pm  microdeiuitomeler  slit) 
on  a  contact  microradiogram  of  the  linear  zone  plate  using  a  uniform 
exposure  of  Mg-Ka  ( 1254  eV)  filtered  fluorescent  radiation  of  small 
effective  source  size  on  the  RAR  2497  film.  The  onset  of  the  reduction 
of  the  peak  densities  as  the  slit  widths  decrease  indicates  the  spec¬ 
troscopic  film-resolution  limit. 


4  mm  zone-plate  structure.  In  Fig.  17  is  shown  a  microden¬ 
sitometer  tracing  on  a  contact  microradiogram  of  this  linear 
zone  plate  on  RAR  2497  film  with  an  exposure  from  a  filtered 
fluorescent  source  of  Mg-Ko  ( 1254-eV)  radiation  excited  by 


Al-Ka  (1487-eV)  anode  radiation.  A  microdensitometer  slit 
width  of  2  pm  was  used.  It  may  be  noted  that,  as  the  openings 
in  the  zone  plate  became  narrower,  the  peak  densities  de¬ 
creased,  and  the  densities  within  the  regions  obstructed  by 
the  gold  bars  increased  as  a  result  of  the  line  spreading.  The 
difference  between  these  densities,  D^ax  ~  f^min.  should  be 
a  constant  for  linewidths  above  a  defined  spectroscopic 
film-resolution  limit  and  equal  to  the  net  density  as  deter¬ 
mined  by  the  exposure  I  from  the  D-versus-/  calibration.  In 
Figs.  18-20  we  present  plots  of  the  D„^  -  D„i„  values  versus 
linewi  1th  for  contact  microradiograms  on  the  three  film  types 
RAR  2497, 101-07,  and  SB-392.  These  have  indicated  spec¬ 
troscopic  film-resolution  limits  of  approximately  5,  10,  and 
15  pm,  respectively,  at  a  density  of  about  1.5.  Although  this 


Fig.  18.  Plots  of  net  microdensity  values  Daui  ~  Dnin  versus  zone- 
plate  slit  width  t  for  two  contact  microradiograms  on  the  RAR  2497 
film.  (Exposures  described  in  Fig.  17.)  The  indicated  spectroscopic 
film-resolution  limit  was  about  5  pm. 


Fig.  19.  Plots  of  Dim,  ~  Dqiin  versus  zone-plate  slit  width  t  for  two 
contact  microradiograms  on  the  101-07  film.  (Exposures  described 
in  Fig.  17.)  The  indicated  spectroscopic  film-resolution  limit  is  about 
10  pm. 


Fig.  20.  Plot  of  Dmai  -  Dniin  versus  zone-plate  width  r  for  a  contact 
microradiograms  on  the  SB-392  film.  Exposures  described  in  Fig. 
17.  The  indicated  spectroscopic  film-resolution  limit  was  about  I.'i 
pm. 
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operational  criterion  for  spectroscopic  resolution  is  not  precise, 
it  does  establish  that  all  the  films  that  have  been  chosen  here 
for  low-energy  x-ray  spectroscopy  can  be  applied  to  determine 
the  absolute  intensity  distributions  of  typical  spectral  lines 
as  generated  by  Bragg  spectrographs  in  the  100-2000-eV  re¬ 
gion  (widths  >  20  Mm). 

4.  ACCURACY  OF  HLM  CALIBRATIONS: 
CONCLUSIONS 

Absolute  x-ray  spectrometry  demands  an  accurate  knowledge 
of  the  D-versus-/  relation  continuously  with  photon  energy 
in  order  to  translate  a  microdensitometer  record  of  a  spectrum 
into  an  absolute  intensity  distribution  versus  photon  energy. 
In  order  to  minimize  the  considerable  amount  of  effort  that 
is  usually  involved  in  the  experimental  calibration  of  spec¬ 
troscopic  films  for  the  low-energy  x-ray  region,  the  approach 
that  has  been  adopted  here  is  to  apply  semiempirical  model 
equations,  which  introduce  the  effect  of  the  photon  energy 
through  the  accurately  known  energy  dependence  of  the  x-ray 
absorption  coefficients  that  characterize  the  film  response. 
If  the  manufacturer  would  make  available  the  approximate 
values  for  the  required  model  parameters,  such  as  the  average 
grain  size,  the  emulsion  and  the  overcoat  thicknesses,  and  the 
volume  fraction  of  AgBr,  the  semiempirical  method  presented 
in  this  paper  would  require  the  measurement  of  D  versus  /  at 
only  a  few  photon  energies.  Unfortunately,  these  data  were 
not  available,  and  it  was  necessary  to  make  these  measure¬ 
ments  at  an  extended  number  of  photon  energies.  Never¬ 
theless,  it  has  been  demonstrated  in  this  paper  that  (1)  uni¬ 
versal  plots  that  fully  account  for  the  photon-energy  depen¬ 
dence  can  be  established  and  that  (2)  these  plots  can  be  pre¬ 
cisely  fitted  by  relatively  simple,  semiempirical  equations 
involving  only  two  adjustable  parameters  (oi,  bi  ora,  6).  In 
Figs.  3-7,  examples  of  experimental  D-versus-/  data  are 
presented  along  with  those  predicted  by  the  universal  semi¬ 
empirical  equations  that  indicate  the  typical  accuracy  of  the 
present  calibrations. 

In  Part  P  it  was  noted  that  these  parameters  have  the  fol¬ 
lowing,  approximate  theoretical  dependence  on  the  film- 
structure  parameters:  for  the  monolayer  film 

a,~AfoS~S/d2, 
and  for  the  emulsion-type  film 

a~NoS-V(Sm, 

Here,  M^)  is  the  number  of  monolayer  AgBr  grains  per  unit 
area,  and  No  is  the  number  of  AgBr  grains  per  unit  v  ne  in 
the  emulsion.  V  is  the  volume  fraction  of  AgBr  in  the  emul¬ 
sion.  S  is  an  effective  light-absorption  cross  section  of  the 
developed  silver  grain  clusters,  and  d  is  an  effective  average 
diameter  of  the  AgBr  grain.  The  implications  of  these  ap¬ 
proximate  proportionalities  are  that  (1)  the  only  effect  of  the 
development  process  on  the  sensitometric  response  is  through 
the  parameter  a  i  or  a  by  the  growth  of  the  cross  section  S  and 
(2)  the  effect  of  grain  size  d  is  most  sensitively  reflected  in  the 
values  of  ai,  b\  and  a,  b. 

In  a  batch-to-batch  variation  of  film  parameters,  we  would 
expect  that  the  volume  fraction  V  would  be  reasonably  con¬ 
stant  but  that  the  effective  grain  size  could  vary  significantly. 
Such  a  small  variation  may  affect  the  values  of  the  scaling 
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Pig.  21.  Comparison  of  the  intensities  required  to  establish  specular 
densities  of  0.5, 0.7,  and  0.9  as  measured  independently  on  the  similar 
film  types  101-01  and  101-07  for  the  lOO-IOOO-eV  photon-energy 
region. 

factors  (j8i,  a,  and  /S)  only  slightly  but  could  cause  relatively 
large  changes  in  the  empirical  parameters,  oi,  bi  or  a,  b.  It 
is  therefore  suggested  here  that,  for  precise  film  calibration, 
the  following  procedure  be  followed; 

(1)  For  a  given  film  type,  the  scaling  factors  should  be 
established  as  described  in  this  paper. 

(2)  For  each  new  batch  of  film,  a  minimum  set  of  D-ver- 
sus-/  data  should  be  obtained  that  permits,  with  the  pre- 
established  scaling  factors,  the  generation  of  the  universal 
plots  of  aD  versus  (or  D  versus  Bil  for  the  monolayer). 

(3)  Finally,  a  least-squares  fitting  of  this  universal  plot 
then  yields  a  new  pair  of  fitting  parameters,  a  i,  b  i  or  a ,  6,  that 
establish  the  universal,  semiempirical  equations  D  /(/,  E, 
9)  for  the  monolayer  and  the  emulsion  types  of  films. 

To  assist  in  the  above  procedure  for  the  description  of  the  five 
films  that  have  been  characterized  here,  we  present  in  Ap¬ 
pendix  C  tables  of  mo  for  gelatin  and  pi  for  AgBr;  the  scaling 
factors  ^1,  a,  and  0;  and  the  universal  functions  relating  D, 
/,  and  E  (for  the  particular  film  batches  studied  in  this  re¬ 
search)  at  regularly  spaced  intervals  in  photon  energy. 

Finally,  we  would  like  to  compare  our  film  calibrations  with 
those  obtained  independently  on  similar  photographic  ma¬ 
terials  as  reported  from  other  laboratories. 

The  Kodak  101-01  film  has  been  calibrated  for  the  100- 
1000-eV  x-ray  region  using  three  characteristic  line  series  from 
copper,  iron,  and  graphite  targets  that  were  excited  by  pro¬ 
ton-beam  bombardment  using  the  ion  accelerator  (lONAC) 
at  the  Lawrence  Livermore  National  Laboratory"^  and  flow 
proportional-counter  detectors.  In  Fig.  21,  we  present  these 
experimental  data  for  each  photon  energy  as  the  number  of 
photons  required  to  establish  a  specular  density  of  0.5, 0.7,  and 
0.9.  These  densities  correspond  to  the  reported  diffuse 
densities  of  0.35, 0.50,  and  0.65,  which  were  determined  using 
the  diffuse-to-specular  density  calibration  curves  presented 
in  Appendix  A.  Along  with  these  experimental  points  are  our 
semiempirical  predicted  curves  (smooth)  for  the  Kodak  101-07 
film,  which  was  studied  in  this  paper.  The  principal  differ¬ 
ence  between  these  film  systems  is  that  the  101-07  film  is  on 
a  4-mil  ESTAR  base  and  the  101-01  film  is  on  a  5-mil  acetate 
base. 

The  Kodak  RAR  2490  film  has  been  calibrated  using  fil¬ 
tered  fluorescent  x  radiations  excited  in  a  low-energy  x-ray 
calibration  facility  at  the  Los  Alamos  National  Laboratory. 
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Fig.  22.  Comparison  of  the  intensities  required  to  establish  a  spec¬ 
ular  density  of  0.9  as  measured  independently  on  the  similar  film  types 
RAR  2490  and  RAR  2495  for  the  100-10  0()0-eV  photon-energy  re¬ 
gion. 

Averaged  data  were  reported  for  the  100-10,000-eV  region  for 
the  exposure  required  to  establish  a  diffuse  density  of  0.5. 
This  corresponds  to  our  specular  density  value  of  0.9  as  de¬ 
termined  for  a  similar  type  emulsion,  the  Kodak  RAR  2495. 
In  Fig.  22,  we  present  these  data  along  with  our  semiempirical 
equation  prediction  for  the  RAR  2495  film.  Although  an 
absolute  comparison  is  nut  possible  here  because  two  film 
types  are  involved,  it  should  be  noted  that  the  model-pre¬ 
diction  photon-energy  dependence  for  E  >  2000  eV  for  such 
similar  systems  seems  to  be  satisfactorily  verified. 

APPENDIX  A:  SPECULAR-DENSITY  VERSUS 
DIFFUSE-DENSITY  CALIBRATIONS 

The  density  measured  and  referred  to  in  the  body  of  this  paper 
has  been  specular  density  D, .  Many  laboratories  use  diffuse 
density  D^,  and  this  appendix  presents  data  to  permit 
translation  from  one  type  of  density  to  the  other.  The  data 
presented  here  are  in  the  form  of  plots  of  the  ratio  DJD^ 
versus  Dj  (Figs.  23-32).  Similar  types  of  plots  have  been 
presented  by  others'*  for  different  types  of  films,  and  there 
have  been  some  theoretical  and  empirical  treatments  of  the 
problem  of  relating  specular  to  diffuse  densities  for  different 
types  of  films. The  data  presented  here  are  directed  spe¬ 
cifically  to  the  five  types  of  films  used  and  processed  as  de¬ 
scribed  in  Appendix  B.  The  processing  is  important  because 
of  the  dependence  of  these  types  of  plots  on  the  light-scat¬ 
tering  cross  section  S,  as  discussed  above.'-*  The  specular- 
density  data  were  taken  at  two  different  matched  numerical 
apertures  (N.A.’s)  for  the  optical  system  of  the  densitometer. 
One  of  these  was  the  standard  N.A.  of  O.l.  These  data  were 
used  in  Figs.  23-27,  which  give  the  DJDa  versus  Dj  plots  for 
each  of  the  five  films  used.  In  addition,  in  order  to  accom¬ 
odate  fine  spectral  lines,  which  necessitate  increasing  the 
optical  apertures,  data  were  also  taken  at  the  matched  N.A.’s 
of  0.25.  These  N.A.  =  0.25  data  are  shown  in  Figs.  28-32  for 
the  five  films  used. 

The  densities  were  measured  using  the  following  setups: 

( 1 )  Specular  density  1),  A  Photometric  Data  Systems 
Model  1010  microdensitometer  system  equipped  with  a 
Hamamatsu  R213  end -on  photomultiplier  and  operating  with 
matched  objective  and  illumination  optical  systems  at  a  N.A. 


of  0.1  was  used.  Readings  were  also  taken  at  N.A.  =  0.25. 
The  effective  objective  aperture  (i.e.,  scanned -sample  di¬ 
mensions)  for  N.A.  *  0.1  was  0.286  mm  X  4.416  mm;  for  N.A. 
=  0.25  it  was  0.400  mm  X  4.416  mm.  A  mean  D,  was  deter¬ 
mined  for  this  sample  area. 


Fig.  23.  Specular  density  measured  with  matched  0. 1  numerical 
apertures. 


Fig.  24.  Specular  density  measured  with  matched  0.1  numerical 
apertures. 


Fig  25.  Specular  density  measured  with  malthed  o  1  numerical 
apertures. 


Fig.  3U.  Specular  density  measured  with  matched  0.25  numerical 
apertures. 
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Fig.  28.  Specular  density  measured  with  matched  0.25  numerical 
apertures. 


(2)  Diffuse  density  Dj  (totally  diffuse  visual  density 
type  V  1-b,  in  conformity  with  ANSI  Standard  pH  2.19)  A 
Westrex  RA  llOO-H  integrating-sphere  diffuse  densitometer 
with  a  reading  aperture  of  0.356  mm  X  4.420  mm  was  used. 


^  i^a  ~ 


Fig.  :tl.  Specular  density  measured  with  matched  0.25  numerical 
apertures. 
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Fig.  32.  Specular  density  measured  with  matched  0.25  numerical 
apertures. 


as  points  for  N.A.  =  0.1.  The  plots  for  N.A.  =  0.25  portray 
P- 1 1  simulated  phosphor  data  only.  As  this  and  other  studies 
have  shown, however,  these  plots  tend  to  be  independent 
of  the  energy  of  the  exposing  soft  x  rays  and  similar  to  those 
for  P-11  light. 

APPENDIX  B:  FILM-HANDLING  AND 
-DEVELOPMENT  PROCEDURES 

Kodak  RAR  2492, 2495,  and  2497  Films 
These  three  films  were  handled  and  developed  in  the  same 
manner  with  the  exception  that  the  RAR  2495  film  required 
a  Kodak  Safelight  Filter  No.  2,  whereas  the  RAR  2492  and 
2497  films  could  be  handled  with  either  a  No.  1  or  a  No.  2  filter. 
The  exposed  film  was  processed  as  follows  in  a  developing  tank 
at  68  ±  l^F: 

(1)  Presoak;  2  min  in  distilled  water.  (All  five  films  used 
in  this  study  were  presoaked  because  of  the  varying  times  that 
the  films  were  kept  in  vacuum.) 

(2)  Development:  6  min  in  Kodak  Developer  D- 19  with 
constant  agitation. 

(3)  Rinse:  30  sec  in  Kodak  SB-5  Indicator  Stop  Bath  with 
constant  agitation. 

(4)  Fixing:  5  min  in  Kodak  Rapid  Fixer  with  constant 
agitation. 

(5)  Wash:  At  least  10  min  in  running  water,  then  30  sec 
in  Kodak  Photo-Flo  200  Solution. 

(6)  Drying:  At  room  temperature  in  still  air. 

Kodak  SB-392  (or  SB-S) 

The  Kodak  SB-392  film  or  the  SB-5  film,  the  difference  be¬ 
tween  the  two  being  merely  their  format,  was  handled  under 
Kodak  Safelight  Filter  No.  1.  Special  care  was  taken  not  to 
bend  the  film  too  sharply,  since  doing  so  results  in  many 
minute  cracks  in  the  film.  The  processing  of  this  film  was  as 
follows  at  68  ±  1*F  in  a  developing  tank; 

(1)  Presoak:  2  min  in  distilled  water. 

(2)  Development:  5  min  in  Kodak  Liquid  X-ray  Devel¬ 
oper  or  Kodak  GBX  Developer  with  constant  agitation. 
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(3)  Rinse:  30  sec  in  Kodak  SB-5  Indicator  Stop  Bath  with 
constant  agitation. 

(4)  Fixing:  2  min  in  Kodak  Rapid  Fixer  with  constant 
agitation. 

(5)  Wash:  30  min  in  running  water,  then  30  sec  in 
Photo- Flo  200  Solution. 

(6)  Drying:  At  room  temperature  in  still  air. 

Kodak  Special  Film  Type  101-07 

Great  care  was  taken  in  the  handling  of  this  film  since  the 
emulsion  lacks  a  protective  overcoat  of  gelatin  and  is  easily 
marred.  It  was  handled  using  Kodak  Safelight  Filter  No.  1. 
It  was  necessary  to  spray  the  back  of  the  film  lightly  with  a 
commercially  available  brand  of  static  guard  just  before 
loading  the  film  into  the  camera.  This  prevents  the  occur¬ 
rence  of  dark  streaks  on  the  developed  film  that  result  from 
static  electricity.  The  processing  of  this  film  at  68  ±  1  “  F  was 
as  follows; 

(1)  Presoak:  2  min  in  distilled  water. 

(2)  Development:  4  min  in  Kodak  D-19  Developer  di¬ 
luted  1:1  with  distilled  water  and  constantly  agitated. 

(3)  Rinse;  30  sec  in  Kodak  SB-5  Indicator  Stop  Bath  with 
constant  agitation. 

(4)  Fixing;  2  min  in  Kodak  Rapid  Fixer  with  constant 
agitation. 

(5)  Wash:  At  least  7  min  in  running  water  followed  by 
30  sec  in  Kodak  Photo-Flo  200  Solution. 

(6)  Drying;  At  room  temperature  in  still  air. 

APPENDIX  C:  TABLES  OF  PARAMETERS 
APPUED  HERE  FOR  THE  GENERATION  OF  FIVE 
SEMIEMPIRICAL,  UNIVERSAL  HLM-RESPONSE 
FUNCTIONS 

Presented  in  Table  8  are  the  energy -dependent  scaling  factors 
01,  a,  and  0  that  were  applied  to  generate  the  universal  pho¬ 
tographic  response  functions  for  the  five  films  studied  in  this 
research.  [In  Table  9  we  have  listed  the  calculated  values 
for  the  linear  absorption  coefficients  for  gelatin 
— CgHieOsN: —  (/lo)  and  for  AgBr  (mi),  which  were  used  in 
the  generation  of  the  scaling  factors.  |  With  these  factors,  the 
universal  plots,  which  are  presented  in  Figs.  8-12,  were  ob¬ 
tained.  These  plots  were  then  least-squares  fitted  to  our 
semiempirical  model  equations  to  obtain  the  relatively  sen¬ 
sitive  pair  parameters  a  I,  6 1  or  a,  b  in  order  to  establish  the 
best-average  characterizations  (over  photon  energies  in  the 
10D-2(X)0-eV  region)  for  the  investigated  monolayer  and 
emulsion-type  films.  (These  parameters  are  listed  in  Table 
7.)  The  averaged  characterizations  were  presented  above  in 
Tables  1-5  as  exposure  /  versus  density  D  at  the  nine  char¬ 
acteristic  photon  energies  that  were  used  for  the  D  versus  / 
calibrations.  Presented  in  Tables  10-14  are  the  averaged  film 
response  characteristics  predicted  by  the  semiempirical 
relations  for  the  extended  photon-energy  region  of  100-10,000 
eV  as  calculated  at  regularly  spaced  intervals  in  energy  for  the 
five  films. 

As  was  discussed  in  Section  4,  the  data  presented  here  can 
be  directly  applied  along  with  additional  calibration  data  to 
new  batches  of  these  films  to  obtain  corrected  values  of  the 
fitting  parameters  Oi,  bj  or  a,  b. 
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Table  8.  a  P,  and  Pi  Factors  versus  Photon  Energy  E  (eV) 


Film” 

Absorption 

2492.  2497 

2495 

SB-392 

101-07 

Edge 

£(eV) 

a  d 

a 

d 

a  d 

d. 

A* 


75 

1.44  00 

4.76  -02 

1.45  OO 

4.76  -02 

6.26  -01 

3.91  -05 

1.000 

100 

l.,30  00 

1.83  -01 

1.32  00 

1.83  -01 

5.99  -01 

3.51  -03 

1.000 

125 

1.16  00 

3.46  -01 

1.19  00 

3.46  -01 

5.64  -01 

3.16  -02 

1.000 

150 

1.02  00 

4.96  -01 

1.07  00 

4.96  -01 

5.27  -01 

1.00  -01 

1.000 

175 

8.99  -01 

6.10  -01 

9.72  -01 

6.10-01 

4.89  -01 

2.00  -01 

1.000 

200 

7.94  -01 

6.95  -01 

8.88  -01 

6.95  -01 

4.51  -01 

3.10  -01 

1.000 

225 

7.06  -01 

7.55  -01 

8.19  -01 

7.55  -01 

4.16  -01 

4.14  -01 

1.000 

250 

6.34  -01 

7.98  -01 

7.62  -01 

7.98  -01 

3.84  -01 

5.05  -01 

1.000 

275 

5.76  -01 

8.28  -01 

7.17  -01 

8.28  -01 

3.56  -01 

5.83  -01 

1.000 

300 

1.14  00 

3.53  -01 

1.18  00 

3.53  -01 

5.62  -01 

3.54  -02 

1.000 

325 

1.08  00 

4.17  -01 

1.12  00 

4.17-01 

5.44  -01 

6.45  -02 

1.000 

350 

1.01  00 

4.70  -01 

1.06  00 

4.70  -01 

5.26  -01 

1.02  -01 

1.000 

375 

9.52  -01 

5.14  -01 

1.01  00 

5.14  -01 

5.09  -01 

1.46  -01 

1.000 

425 

9.44  -01 

5.34  -01 

1.00  00 

5.34  -01 

5.05  -01 

1.54  -01 

1.000 

450 

9.03  -01 

5.87  -01 

9.72  -01 

5.87  -01 

4.91  -01 

1.94  -01 

1.000 

475 

8.58  -01 

6.22  -01 

9.36  -01 

6.22  -01 

4.76  -01 

2.36  -01 

1.000 

500 

8.15-01 

6.51  -01 

9.00  -01 

6.51  -01 

4.61  -01 

2.81  -01 

1.000 

550 

9.69  -01 

5  16  -01 

1.02  00 

5.16-01 

5.13  -01 

1.35  -01 

1.000 

600 

8.91  -01 

5.70  -01 

9.58  -01 

5.70  -01 

4.89  -01 

2.00  -01 

1.000 

650 

8.20  -01 

6.10  -01 

8.97  -01 

6.10-01 

4.65  -01 

2.68  -01 

1.000 

700 

7.57  -01 

6.37  -01 

8.43  -01 

6.37  -01 

4.43  -01 

3.35  -01 

1.000 

750 

6.96  -01 

6.42  -01 

7.88  -01 

6.42  -01 

4.21  -01 

3.99  -01 

1.000 

800 

6.38  -01 

6.37  -01 

7.36  -01 

6.37  -01 

3.99  -01 

4.59  -01 

1.000 

850 

5.86  -01 

6.25  -01 

6.87  -01 

6.25  -01 

3.79  -01 

5.13-01 

1.000 

900 

5.40  -01 

6.06  -01 

6.42  -01 

6.06  -01 

3.60  -01 

5.58  -01 

1.000 

950 

4.97  -01 

5.84  -01 

6.00  -01 

5.84  -01 

3.43  -01 

5.97  -01 

0.999 

1000 

4.57  -01 

5.59  -01 

5.60  -01 

5.59  -01 

3.26  -01 

6.29  -01 

0.999 

1050 

4.21  -01 

5.31  -01 

5.23  -01 

5.31  -01 

3.11  -01 

6.53  -01 

0.998 

1100 

3.88  -01 

5.03  -01 

4.88  -01 

5.03  -01 

2.96  -01 

6.70  -01 

0.9% 

1150 

3.58  -01 

4.76  -01 

4.55  -01 

4.76  -01 

2.82  -01 

6.81  -01 

0.992 

1200 

3.31  -01 

4.49  -01 

4  25  -01 

4.49  -01 

2.69  -01 

6.86  -01 

0.988 

1250 

3.06  -01 

4.23  -01 

3.98  -01 

4.23  -01 

2.56  -01 

6.86  -01 

0.982 

1300 

2.84  -01 

3.99  -01 

3.72  -01 

3.99  -01 

2.44  -01 

6.82  -01 

0.975 

1350 

2.63  -01 

3.76  -01 

3.48  -01 

3.76  -01 

2.33  -01 

6.75  -01 

0.966 

1400 

2.44  -01 

3.54  -01 

3.26  -01 

3.54  -01 

2.22  -01 

6.65  -01 

0.955 

1450 

2.27  -01 

3.34  -01 

3.06  -01 

3.34  -01 

2.12  -01 

6.52  -01 

0.943 

1500 

2.12-01 

3.15  -01 

2.87  -01 

3.15  -01 

2.02  -01 

6.38  -01 

0.929 

1800 

1.98  -01 

4  18-01 

3.04  -01 

4.18-01 

1.90  -01 

7.77  -01 

0.976 

1900 

1.81  -01 

3.89  -01 

2.82  -01 

3.89  -01 

1.80  -01 

7.58  -01 

0.966 

2000 

163-01 

3.54  -01 

2.56  -01 

3.54  -01 

1.70  -01 

7.28  -01 

0.949 

2100 

1.46-01 

3.22  -01 

2  33  -01 

3.22  -01 

1.59-01 

6.96  -01 

0.929 

2200 

1.32  -01 

2.93  -01 

2.13  -01 

2.93  -01 

1.49  -01 

6.61  -01 

0.905 

2300 

1.20-01 

2.68  -01 

1.94  -01 

2.68  -01 

1.40  -01 

6.25  -01 

0.878 

2400 

1.09  -01 

2.44  -01 

1.78  -01 

2.44  -01 

1.31  -01 

.5.90-01 

0.849 

2500 

9.92  -02 

2.24  -01 

1.63  -01 

2.24  -01 

1.23  -01 

.5  .56  -01 

0.818 

2600 

9.06  -02 

2.05  -01 

1.50  -01 

2.05  -01 

1.15-01 

5.23  -01 

0.786 

2700 

8.29  -02 

1.88  -01 

1.38  -01 

1.88-01 

1.08  -01 

4.91  -01 

0.754 

2800 

7.60  -02 

1.73  -01 

1.27  -01 

1.73  -01 

1.01  -01 

4.61  -01 

0.721 

2900 

6.98  -02 

1.60  -01 

1.17  -01 

1.60  -01 

9.49  -02 

4.33  -01 

0.689 

3000 

6.43  -02 

1.47  -01 

1.08  -01 

1.47  -01 

8.91  -02 

4.07  -01 

0.657 

3100 

5.93  -02 

1.36  -01 

1.00  -01 

1.36  -01 

8.;i6  -02 

3,82  -01 

0.626 

3200 

5.49  -02 

1.26  -01 

9.30  -02 

1.26-01 

7.85  -02 

3  .59  -01 

0.5% 

3.300 

5.08  -02 

1.17  -01 

8.64  -02 

1,17  -01 

7.38  -02 

3..37  -01 

0.567 

4000 

6.32  -02 

1.73  -01 

1.16  -01 

1.73  -01 

9.13  -02 

4.67  -01 

0.720 

5000 

3.71  -02 

1.02  -01 

6  92  -02 

1.02  -01 

5.98  -02 

.3.01  -01 

0.513 

6000 

2.33  -02 

6.45  -02 

4  40  -02 

6.45  -02 

4.01  -02 

1.99  -01 

0.359 

7000 

1.56  -02 

4.32  -02 

2.95  -02 

4.32  -02 

2.77  -02 

1.37  -01 

0.255 

( 'iniinui'd  iHi'rlraf 
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Tables.  Continued 


Absorption 

Edge 

^:(eVl 

Film” 

2492,  2497 

2495 

SB-392 

101-07 

(k 

li 

a 

0 

a 

0 

0x 

8000 

1.09  -02 

3.03  -02 

2.07  -02 

3.03  -02 

1.98  -02 

9.73  -02 

0.185 

9000 

7.89  -08 

2.20  -02 

1.51  -02 

2.20  -02 

1.46  -02 

7.15-02 

0.138 

10000 

5.91  -0.1 

1.65  -02 

1.13  -02 

1.65  -02 

1.11  -02 

5.41  -02 

0.105 

"  In  our  notation  in  this  table,  a  number  followed  by  a  space  and  another  number  indicates  that  the  first  number  is  to  be  multiplied  by  10  raised  to  the  power  of 
the  second  number;  e  ^  .  1.27  -01  means  1  27  x  lir  * 

*  Br-M*  edge 
*■  C  K  edge 

^  N  K.  Ag-NU  s  edges 
'  O  K  edge 
^  Br-L3.2  edge 

•  Afi-lxi  edge 


Table  9. 

Linear  Absorption  Coefficients” 

Absorption 

Edge 

E  (eV) 

^0  (Mtn*')'’ 

Ml  (MU' 

,-1,6 

A  (A) 

Absorption 

Edge 

£(eV) 

Mo  (Mm"')‘ 

Ml  (Mtn  ')*’ 

X(A) 

75 

101  01 

4  63 

01 

16.5.19 

1200 

2.62  -01 

2,22  00 

10.32 

100 

5.65  00 

2.11 

01 

123.89 

1250 

2.34  -01 

2.02  00 

9.91 

125 

3.45  00 

1.22 

01 

99.11 

1300 

2.10-01 

1.84  00 

9.53 

1.50 

2.30  00 

1.48 

01 

82.59 

1350 

1.89  -01 

1.69  00 

9.18 

175 

1.61  00 

1.46 

01 

70.79 

1400 

1.71  -01 

1.55  00 

8.85 

200 

1.17  00 

1.47 

01 

61.95 

1450 

1.55  -01 

1.43  00 

8.54 

225 

8.83  -01 

1.37 

01 

55.06 

1500 

1.41  -01 

1.33  00 

8.26 

2.50 

6.82  -01 

1.29 

01 

49  56 

275 

5.40  -01 

1.21 

01 

45.05 

E* 

1800 

8.44  -02 

1.87  00 

6.88 

1900 

7.24  -02 

1.69  00 

6.52 

300 

.3.34  00 

1.09 

01 

41.30 

2000 

6,25  -02 

1.49  00 

6.19 

325 

2.74  00 

9.88 

00 

38.12 

2100 

5,28  -02 

1.32  00 

5.90 

350 

2.28  00 

9.00 

00 

35.40 

2200 

4.62  -02 

1.18  00 

5.63 

375 

1.92  00 

8.26 

00 

33.04 

2300 

4,06  -02 

1.05  00 

5.39 

c** 

2400 

3.59  -02 

9.46  -01 

5.16 

425 

1.87  00 

9.10 

00 

29.15 

2500 

3.19-02 

8.53  -01 

4.96 

4.50 

1.64  00 

1.07 

01 

27.53 

2600 

2.85  -02 

7.72  -01 

4.77 

475 

1.44  00 

1.06 

01 

26.08 

2700 

2.55  -02 

7.01  -01 

4.59 

.500 

1  27  00 

1.02 

01 

24.78 

2800 

2.29  -02 

6.39  -01 

4.42 

2900 

2,07  -02 

5.84  -01 

4.27 

550 

2.00  00 

9.42 

00 

22.53 

3000 

1.87  -02 

5.35  -01 

4.13 

600 

1  61  00 

8.60 

00 

20.65 

3100 

1.70  -02 

4.92  -01 

4.00 

6.50 

1..32  00 

7.84 

00 

19.06 

3200 

1.55  -02 

4.53  -01 

3.87 

7(X) 

1.09  00 

7.19 

00 

17.70 

3300 

141  -02 

4.18  -01 

3.75 

750 

9.17  -01 

6.23 

00 

16.52 

r  ® 

800 

7.74  -01 

5.43 

00 

1.5,49 

4000 

7.94  -03 

6.36  -01 

3.10 

850 

6  .59  -01 

4.78 

00 

14.58 

.5000 

4.01  -03 

3.60  -01 

2.48 

900 

5.68  -01 

4.23 

00 

13.77 

6000 

2.28  -03 

2.23  -01 

2.06 

7000 

I  41  -03 

1.47  -01 

1.77 

9.50 

4.93  -01 

3.76 

00 

13  04 

1000 

4.29  -01 

3.36 

00 

12.39 

8000 

9.27  -04 

1,02  -01 

1.55 

1050 

3  76  -01 

3.01 

00 

11.80 

9000 

6.38  -04 

7.43  -02 

1.38 

IKX) 

.1.32  -01 

2.71 

00 

11.26 

10000 

4.55  -04 

5.56  -02 

1.24 

11.50 

2.94  -01 

2.44 

(¥) 

10.77 

*  Mo  Igelatin)  fur  ^  «  i40g/cm'  mi  <  AgBrl  for  m  *  6  47  g/cm-^  The  nutation  CtHioO^Nj  it  fur  gelatin. 

^  In  our  notation  in  this  table,  a  numlier  followed  by  a  space  and  another  number  indicates  that  the  first  number  is  to  be  multiplied  by  10  raised  to  the  power  of 
the  second  number,  e  g  .  2  ‘J4  -01  means  2.94  x  lu  ' 

*  Br-M4  edge 
^C-Kedge 

*  N-K,  Ag-M4  s  edges 
'0  Hedge 

*  Br  L3.2  edge 

*  Ak  Lj.j  «l»e 
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Table  10.  Exposure  I  (photons/pra^)  at  Various  Net  Densities  for  Film  101-07 


Absorption 

Photon 

Energy 

Net  Density  D  (Specular,  0.1  X  0.1  nA) 

Wavelength 

Edge 

£(eV) 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

X(A) 

A“ 

75 

0,34 

0.73 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

165.31 

150 

0.34 

073 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

82.65 

225 

0.34 

0.73 

1. 17 

168 

2.29 

3.04 

4.02 

5.44 

8.07 

55.10 

300 

0.34 

0.73 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

41.33 

,375 

0.34 

0.7.3 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

33.06 

C’ 

475 

0.34 

0.73 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

26.10 

600 

0.34 

0.73 

1.17 

1  68 

2.29 

3.04 

4.02 

5.44 

8.07 

20.66 

750 

0.34 

0.73 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

16.53 

900 

0.34 

0.73 

1.17 

1.68 

2.29 

3.04 

4.02 

5.44 

8.07 

13.78 

950 

0.34 

0.73 

1.17 

1.68 

2.29 

.3.04 

4.02 

5.44 

8.07 

13.05 

1000 

0.35 

0.73 

1  17 

1.68 

2.29 

3.04 

4.02 

5.45 

8.08 

12.40 

1050 

0.35 

0.73 

1.17 

1.68 

2.29 

3.04 

4.03 

5.45 

8.09 

11.81 

1100 

0.35 

0.73 

1.18 

1.69 

2.30 

3.05 

4.04 

5.46 

8.10 

11.27 

1150 

0.35 

0.74 

1.18 

1.69 

2.30 

3.06 

4.05 

5.48 

8.13 

10.78 

1200 

0.35 

0.74 

1.18 

1.70 

2.31 

3.07 

4.07 

5.50 

8.16 

10.33 

1250 

0.3.'. 

0.74 

1.19 

1  71 

2  33 

3.09 

4.09 

5.54 

8.21 

9.92 

1300 

0.35 

0,75 

1.20 

1.72 

2.35 

3.11 

4.12 

5.58 

8.27 

9.54 

1350 

0..36 

0.76 

1  21 

1.74 

2.37 

3.14 

4.16 

5.63 

8.35 

9.18 

1400 

0.36 

0.77 

1  23 

1  76 

2.39 

.3.18 

4.21 

5.69 

8.44 

8.86 

1450 

0.37 

0.78 

1.24 

1.78 

2.42 

3.22 

4.26 

5.77 

8.55 

8.55 

1500 

0.37 

0.79 

1.26 

1.81 

2.46 

3.27 

4.32 

5.85 

8.68 

8.27 

1800 

0..35 

0.75 

1.20 

1.72 

2.34 

3.11 

4.12 

5.57 

8.26 

6.89 

1900 

0.36 

0.76 

1.21 

1.74 

2.37 

3.14 

4.16 

5.63 

8.35 

6.53 

2000 

0.36 

0.77 

1.23 

1  77 

2.41 

3.20 

4.23 

5.73 

8.50 

6.20 

2100 

0.37 

0,79 

1.26 

1  81 

2.46 

.3.27 

4.32 

5.86 

8.68 

5.90 

2200 

0.38 

0.81 

1.'29 

1.86 

2.53 

3.35 

4.44 

6.01 

8.91 

5.64 

2300 

0.39 

0.83 

1.33 

1  91 

2.60 

3.46 

4.57 

6.19 

9.18 

5.39 

2400 

0.41 

086 

1.38 

1  98 

2.69 

3.58 

4.73 

6.41 

9.50 

5.17 

2500 

0.42 

0.89 

1.43 

2.05 

2.79 

3.71 

4.91 

6.65 

9.86 

4.96 

2600 

0.44 

0.93 

1.49 

2.14 

2.91 

3.86 

5.11 

6.92 

10.26 

4.77 

2700 

0.46 

0.97 

1.55 

2.23 

3.03 

4.03 

5,33 

7.22 

10.70 

4.59 

2800 

0.48 

l.Ol 

1.62 

2.33 

3.17 

4.21 

5.57 

7.54 

11.18 

4.43 

2900 

0.50 

1,06 

1.70 

2.44 

3.32 

4.41 

5.83 

7.90 

11.71 

4.28 

3000 

0.52 

1.11 

1.78 

2.56 

3.48 

4.62 

6.12 

8.28 

12.28 

4.13 

3100 

0.55 

1.17 

1,87 

2.68 

3.65 

4.85 

6.42 

8.69 

12.89 

4.00 

3200 

0.58 

1.23 

1.96 

2.82 

3.84 

5.10 

6.74 

9.13 

13.54 

3.87 

3300 

0.61 

1.29 

2.06 

2.96 

4,03 

5.36 

7.09 

9.60 

14.23 

3.76 

4000 

0.48 

1,02 

1.63 

2.33 

.3.18 

4.22 

5.58 

7.56 

11.21 

3.10 

,5000 

0.67 

1.42 

2.28 

3.28 

4.46 

5.92 

7.83 

10.60 

15.72 

2.48 

6000 

0.96 

2.03 

3.26 

4.68 

6.37 

8.45 

11.18 

15.14 

22.45 

2.07 

7000 

1.35 

2.87 

4  59 

6.59 

8.97 

11.91 

15.75 

21,33 

31.63 

1.77 

8000 

1.86 

.3.94 

6.32 

9.07 

12.34 

16.39 

21.68 

29.35 

43.53 

1.55 

9000 

2.50 

5.:)0 

8.48 

12.17 

16.57 

22.00 

29.10 

39.40 

.58.43 

1.38 

10000 

3.27 

6.94 

11.12 

15.96 

21.73 

28.85 

38.17 

51.68 

76.63 

1.24 

*  Br  M4  ed^e 

*  N.K,  A|E-M4,5e<iK«, 
'  Br-La  j  ed** 

^  A|  1.3  2  edtje 
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Table  1 1.  Exposure  /  (photons/Mm^)  at  Various  Net  Densities  for  Film  SB<392 


Photon 


Edge 


Net  Density  D  (Specular,  0.1  X  0,1  nA)* 


Wavelength 


E  (eV) 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

X(A) 

75 

1.00  04 

2.56  04 

4.98  04 

8.73  04 

1.46 

05 

2.3605 

3.76  05 

5.94  05 

9.3205 

1.46  06 

165.31 

100 

1.06  02 

2.67  02 

.5.12  02 

8.85  02 

1.45 

03 

2.32  03 

3.63  03 

5.64  03 

8.69  03 

1.33  04 

123.98 

125 

1.09  01 

2.71  01 

5.12  01 

8.71  01 

1.40 

02 

2.1902 

3.37  02 

5.1102 

7.7102 

1.16  03 

99.18 

1.50 

3  .17  00 

7.75  00 

1.44  01 

2  40  01 

3.79 

01 

5.80  01 

8.72  01 

1.2902 

1.90  02 

2.79  02 

82.65 

175 

1  45  00 

1.49  00 

6.17  00 

1  04  01 

1.61 

01 

2.42  01 

3.5501 

5,1501 

7.4101 

1.06  02 

70.85 

2110 

8.54  -01 

2.01  00 

1.63  00 

5  84  00 

8,87 

00 

1.3001 

1.87  01 

2.66  01 

1.73  01 

5.’0  01 

61.99 

225 

5  82  -01 

1.36  00 

2  41  00 

180  00 

5.68 

00 

8.1800 

1.1501 

1.6001 

■2.2001 

1.01  01 

55.10 

250 

4.35  -01 

1.00  tX) 

1.75  00 

■271  00 

400 

00 

5.68  00 

7.87  00 

1.07  01 

1.45  01 

1.94  01 

49.59 

275 

1.46  -01 

7.91  -01 

1.36  00 

2.1000 

3.04 

00 

4.25  00 

5.80  00 

7.80  00 

1.04  01 

1.37  01 

45.08 

.100 

9.70  00 

2.41  01 

4.54  01 

7.71  01 

1  24 

02 

1.94  02 

2.97  02 

4.50  02 

6.77  02 

1.01  03 

41.33 

:V25 

5  .12  00 

1.26  01 

2.16  01 

3.97  01 

633 

01 

9.79  01 

1.4902 

2.23  02 

3.31  02 

4  91  02 

38.15 

5.50 

1.11  00 

7.61  00 

1.41  01 

2  35  01 

3.72 

01 

5.6901 

8.54  01 

1.27  02 

1.86  02 

2.73  02 

15.42 

375 

2.09  00 

5.07  00 

9.33  00 

1  54  01 

2.41 

01 

3.65  01 

5.43  01 

7.97  01 

1  1602 

1.68  02 

33.06 

425 

l.%  00 

4.75  00 

8.74  (Kt 

1.44  01 

2.25 

01 

3.4101 

5.05  01 

7.4001 

1.07  02 

1.55  02 

•29,17 

450 

1.51  00 

3.64  00 

6.65  00 

1.09  01 

1.69 

01 

2.54  01 

3.73  01 

5.42  01 

7,8001 

1.12  02 

27.55 

475 

1.19  00 

2.86  00 

5  .18  00 

8.43  00 

1.30 

01 

1.93  01 

2.82  01 

4.05  01 

5.7801 

8.19  01 

26.10 

.500 

9  66  -01 

2.30  00 

4  .15  00 

6.70  00 

1.02 

01 

1.5101 

2.1801 

3.11  01 

4.3901 

6.17  01 

24.80 

550 

2.28  00 

5.54  00 

1  02  01 

1.69  01 

2.65 

01 

4.03  01 

6.01  01 

8.8:01 

1.29  02 

1.87  02 

22.54 

600 

1.46  00 

1.51  00 

6.40  00 

105  01 

1.62 

01 

2.43  01 

3.57  01 

5.1801 

7.4501 

1,06  02 

20.66 

6.50 

1.02  00 

2.44  00 

4.41  00 

7  13  00 

1.09 

01 

1.6101 

2.34  01 

3.34  01 

4.74  01 

6.67  01 

19.07 

700 

7.73  -01 

1.83  00 

1.‘27  00 

5.23  00 

7.91 

00 

1.1601 

1.6501 

2.33  01 

3.26  01 

4  53  01 

17.71 

750 

6.12  -01 

1.43  00 

2.54  00 

4.02  00 

6.01 

00 

8.6800 

1.2301 

1.7101 

2.36  01 

3.23  01 

16.53 

800 

5,01  -01 

1.16  00 

2.04  00 

1.20  00 

4.73 

00 

6.77  00 

9.4500 

1.3001 

1.77  01 

2.40  01 

15.50 

850 

4.22  -01 

9.73  -01 

1.69  00 

2.63  00 

3.85 

00 

5.45  00 

7.53  00 

1.02  01 

1.38  01 

1.84  01 

14.59 

900 

3.67  -01 

8.39  -01 

1.45  00 

2.23  00 

3.24 

00 

4.54  00 

6.2200 

8.38  00 

1.1201 

1  4801 

13.78 

950 

3.24  -01 

7.37  -01 

1.26  00 

1.93  00 

2.78 

00 

3.87  00 

5.25  00 

7.0200 

9.27  00 

1.2101 

13.05 

1000 

2.92  -01 

6.59  -01 

1.12  00 

1.70  00 

2.43 

00 

3.36  00 

4.5200 

5.9900 

7.85  00 

1.02  01 

12.40 

1050 

2.66  -01 

5.98  -01 

1.01  00 

1.53  00 

2.17 

00 

2.97  00 

3.9800 

5.23  00 

6.80  00 

8.78  00 

11.81 

1100 

2.46  -01 

5.50  -01 

9.25  -01 

1.39  00 

1.96 

00 

2.67  00 

3.55  00 

4.64  00 

6.00  00 

7,70  00 

11.27 

1150 

2.31  -01 

5.12  -01 

8.58  -01 

1.28  00 

1.80 

00 

2.44  00 

3.2200 

4.1900 

5.39  00 

6.88  00 

10.78 

1200 

2.18-01 

4  83  -01 

8.04  -01 

1.20  00 

1.67 

00 

2.25  00 

2.97  00 

3.84  00 

4  92  00 

6.25  00 

10.33 

1250 

2.08  -01 

4.59  -01 

7.61  -01 

1.13  00 

1.57 

00 

2.1100 

2.76  00 

3.56  00 

4.55  00 

5.76  00 

9.92 

1.100 

2  00  -01 

4  39  -01 

7.26  -01 

107  00 

1.49 

00 

1.9900 

2.60  00 

3.34  00 

4.25  00 

5.37  00 

9.54 

1350 

1.93  -01 

4.24  -01 

6.98  -01 

103  00 

1.42 

00 

1.9000 

2.4700 

3.17  00 

4  02  00 

5.07  00 

9.18 

1400 

1.88  -01 

4  12  -01 

6.77  -01 

9.92  -01 

1.37 

00 

1.82  00 

2.37  00 

3.03  00 

3.84  00 

4.84  00 

8.86 

1450 

1  84  -01 

4.02  -01 

6  59  -01 

9.65  -01 

1.33 

00 

1.7600 

2.2900 

2.92  00 

3.7000 

4.66  00 

8,55 

1500 

1.82  -01 

3  95  -01 

6.46  -01 

9  44  -01 

1.30 

00 

1.72  00 

2.2300 

2.84  00 

3.5900 

4.52  00 

8.27 

1800 

1  12  -01 

3.08  -01 

5.03  -01 

7  33  -01 

1.01 

00 

1.33  00 

1.72  00 

2.1900 

2.77  00 

3,49  00 

6.89 

1900 

1.40  -01 

3.03  -01 

4.94  -01 

7.18-01 

9.84 

-01 

1.3000 

1.68  00 

2.1400 

2.7000 

3,40  00 

6.53 

•2000 

1.40  -01 

3.02  -01 

4  91  -01 

7  1  -01 

9.76 

-01 

1.2900 

1.66  00 

2.1200 

2.68  00 

3.38  00 

6.20 

2100 

1.40  -01 

3.02  -01 

4  90  -01 

7.11  -01 

9.72 

-01 

1.28  00 

1.65  00 

2.1100 

2.67  00 

1.37  00 

5.90 

2200 

1.42  -01 

1.05  -01 

4  %  -01 

7.19-01 

9  82 

-01 

1.29  00 

1.67  00 

2.1300 

2.6900 

1.41  00 

5.64 

2300 

1.44  -01 

3.U  -01 

5.04  -01 

7.31  -01 

9.98 

-01 

1.32  00 

1.7000 

2.1600 

2.74  00 

3.48  00 

5.39 

2400 

1.48  -01 

3.18  -01 

5.16  -01 

7.47  -01 

1.02 

00 

1.34  00 

1.7400 

2.2100 

2.81  00 

1  57  00 

5.17 

2500 

1  .52  -01 

3.27  -01 

5  .10  -01 

7  67  -01 

1.05 

00 

1.3800 

1.78  00 

2.2800 

2.89  00 

3.69  00 

4.96 

■2600 

1.57  -01 

1  37  -01 

5  46  -01 

7  91  -01 

108 

oo 

1.42  00 

1.84  00 

2,35  00 

3.00  00 

3.82  (N) 

4.77 

■2700 

1.62  -01 

3.49  -01 

5.65  -01 

8  18-01 

1.12 

00 

1.47  00 

1.9100 

2.44  00 

3.11  00 

3.98  (N) 

4.59 

2800 

1.68  -Cl 

3  62  -01 

5.86  -01 

8  48  -01 

1  16 

00 

1.53  00 

1.98  00 

2..54  00 

3.24  00 

4.I6(KI 

4.43 

■2900 

1  75  -01 

3.76  -01 

6  09  -01 

8.82  -01 

1.20 

00 

1.59  00 

2.06  00 

2.65  00 

3.39  00 

4.36  00 

4.‘28 

1000 

1.82  -01 

3  92  -01 

6.:i4  -01 

9  18-01 

1.26 

00 

1.66  00 

2.1500 

2,76  00 

3.55  00 

4.58  (K) 

4  13 

1100 

1  90  -01 

4.08  -01 

6  62  -01 

9  58  -01 

1.31 

00 

1.73  00 

2,25  00 

2.89  00 

3.72  OO 

4.81  (N) 

4.00 

1200 

1  98  -01 

4  26  -01 

691  -01 

t  oo  00 

1  37 

00 

1.81  00 

2.1500 

1.01 00 

1.91  OO 

5  ()6  IN) 

.1.87 

.■1100 

2.07  -01 

4  46  -01 

7  22  -01 

i  a5  00 

1.43 

00 

1.90  00 

2.47  00 

1  18  00 

4.10  OO 

5  :14  IK) 

3.76 

4000 

1  60  -01 

.1.44  -01 

5  .57  -01 

8  07  -01 

1  10 

00 

1.46  00 

1.89  00 

2.4300 

3.11  00 

4.01  OO 

3.10 

.5000 

2  >0  -01 

4  74  -01 

7.69  -01 

1  12  00 

1.53 

00 

2.a<oo 

2.65  00 

1.41 00 

4  45 IX) 

5.83  IN) 

2.48 

6000 

1  10  -01 

6.68  -01 

109  (H) 

1  58  (X) 

2.17 

00 

2.89  00 

3.79  (X) 

4  94  00 

6.46  IN) 

8.58  INI 

2.07 

A* 
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Photon 

Absorption  Energ>’ 
Edge  E  (eV) 


Table  II.  Continued 


Net  Density  D  (Specular,  0.1  X  O.I  nA)** 


Wavelenfth 


£(eV) 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

A  (A) 

7000 

4.32  -01 

9.32  -01 

1.52 

00 

2.21 

00 

3.04 

00 

4.06  00 

5.34  00 

7.0000 

9.22  00 

1.24  01 

1.77 

8000 

5.90  -01 

1.27  00 

2.07 

00 

3.03 

00 

4.17 

00 

5.59  00 

7.37  00 

9.6800 

1.28  01 

1.73  01 

1.55 

9000 

7.88  -01 

1.70  00 

2.77 

00 

4.05 

00 

559 

00 

7.49  00 

9.9000 

1.3001 

1.73  01 

2.34  01 

1.38 

lOOf'O 

1.03  00 

2.23  00 

3.63 

00 

5  30 

00 

7.33 

00 

9.83  00 

1.3001 

1.71  01 

2.28  01 

3.10  01 

1.24 

‘  In  our  notation  in  this  table,  a  number  followed  hv  a  space  and  aiMither  number  indicates  that  the  first  number  is  to  be  multiplied  by  10  to  the  power  of  the  second 
number;  e  g  .  9  82  -01  means  9  82  x  10“' 

*Br  M,  edge 
'  C-K  edge 
'  N.K.Ag  M, sedges 
'OK  edge 
'  Br.Ls.s  edge 
*  Ag  L3,2edge 


Table  12.  Exposure  /  (photons//ini^)  at  Various  Net  Densities  for  Film  2497 


Net  Density  D  (Specular, O.I  xO.l  nA)“ 


EleV) 

0,2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

75 

4  65  01 

1.40  02 

3.26  02 

7.00  02 

1.45  03 

2.95  03 

5.97  03 

1.20  04 

2.41  04 

4.84  04 

100 

1.06  01 

3.04  01 

6.77  01 

1  38  02 

2.69  02 

.5.17  02 

9.S1  02 

1.85  03 

3.49  03 

6.57  03 

125 

4.77  00 

1.31  01 

2.77  01 

5.1201 

9.79  01 

1.7602 

3.13  02 

5.51  02 

9.69  02 

1. 70  03 

150 

2.84  00 

7.48  00 

1.5101 

2.7601 

4  80  01 

8.1501 

1.36  02 

2.26  02 

3.74  02 

6.15  02 

175 

1  97  00 

5  0000 

9.69  00 

I  6901 

2.81  01 

4.53  01 

7.20  01 

1.1302 

1.77  02 

2.75  02 

200 

1.48  00 

3.66  00 

6.85  00 

1.1501 

1.84  01 

2.85  01 

4.34  01 

6.52  01 

9.17  01 

1.44  02 

225 

1  19  00 

2.86  00 

5.2100 

8  5200 

1.32  01 

1.98  01 

2.9001 

4.20  01 

6  04  01 

8.63  01 

250 

9  91  -01 

2.34  00 

4.1700 

6.67  00 

1.01  01 

1.47  01 

2.1001 

2.%  01 

4.13  01 

5.74  01 

275 

8.56  -01 

1.99  00 

3.49  00 

5  48  00 

8.1100 

1.1601 

I  63  01 

2.24  01 

3.07  01 

4.1801 

300 

4.61  00 

1.26  01 

2.66  01 

5.0801 

9.29  01 

1.66  02 

2.94  02 

5.15  02 

9.01  02 

1.57  03 

325 

3.61  00 

9.6900 

1.99  01 

3  7201 

6.62  01 

1.15  02 

1.97  02 

3.16  02 

5.69  02 

9.61  02 

350 

2.96  00 

7.78  00 

1.57  01 

2.8501 

4.95  01 

8.37  01 

1.4002 

2.31  02 

3.7902 

6.22  02 

375 

2.50  00 

6.4600 

1.27  01 

2.2701 

3.84  01 

6.34  01 

1.03  02 

1.66  02 

2.65  02 

4.22  02 

425 

2.39  00 

6.1500 

1.2101 

2.1501 

3.63  01 

5.96  01 

9.65  01 

1,5502 

2.47  02 

3.91  02 

450 

2.05  00 

5.23  00 

I.OI  01 

1.7801 

2.95  01 

4.77  01 

7.59  01 

1.1902 

1,87  02 

2.91  02 

475 

1.82  00 

4.58  00 

8,7500 

1.5101 

2.46  01 

,1.91  01 

6.11  01 

9.43  01 

1.45  02 

2.21  02 

500 

1.63  00 

4.06  00 

7.65  00 

1.3001 

2.09  01 

3.26  01 

5.00  01 

7  58  01 

1  14  02 

1.71  02 

550 

2.55  00 

6.62  00 

I.3I01 

21501 

4.01  01 

6.66  01 

1,09  02 

1,7602 

2.84  02 

4.57  02 

600 

2  08  00 

5.28  00 

1.02  01 

1  7801 

2.95  01 

4.74  01 

7.50  01 

1.1802 

1.83  02 

2,84  02 

6.50 

1,76  00 

4.37  00 

8.26  00 

1.40  01 

2.26  01 

3.54  01 

.5.44  01 

8.2601 

1.25  02 

1.87  02 

700 

1  53  00 

3.73  00 

6.90  00 

I.I50I 

1.81  01 

2.76  01 

4.1301 

6.1101 

8.97  01 

1  31  02 

750 

1  37  00 

.1.29  00 

5.98  00 

9.74  00 

1.50  01 

2.24  01 

3.27  01 

4.72  01 

6.76  01 

9.62  01 

800 

1.25  00 

2.9500 

5,2800 

8.44  00 

1.2801 

1.86  01 

2.67  01 

3,77  01 

.5,27  01 

7  ,14  01 

850 

1  16  00 

2.69  00 

4.74  00 

7  4600 

1.11  01 

1.59  01 

2.24  01 

3.1001 

4.26  01 

.5.81  01 

900 

109  00 

2.50  00 

4.35  00 

6,75  00 

9.89  00 

1.4001 

1.94  01 

2.64  01 

.1.58  01 

4.81  01 

950 

1.03  00 

2.35  00 

4.04  00 

6  2000 

8,97  00 

1.2501 

1.7101 

2.31  01 

.1.09  0l 

4  II  01 

1000 

9.90  -01 

2.23  00 

3.80  00 

5.77  00 

8.27  00 

1  14  01 

1.55  01 

2.06  01 

2.73  0l 

3.60  01 

1050 

9.59  -01 

2.1500 

3.6200 

5.45  00 

7.74  00 

I.060I 

1.42  01 

1.8801 

2  47  0I 

3  2401 

1100 

9  36  -01 

2  08  00 

3.48  00 

.5.21  00 

7,35  00 

1.00  01 

1  .13  01 

1.75  01 

2.29  0 1 

2  9801 

1150 

9  20  -01 

2.03  00 

3.39  00 

.5  04  00 

7.0600 

9.56  00 

1.27  01 

1.66  01 

2  I60I 

2.80  01 

1200 

9  10-01 

2.00  00 

3.12  00 

4.91  00 

6.86  00 

9.25  00 

1.22  01 

I..59  01 

2.06  0l 

2  67  01 

1250 

9  06  -01 

1.99  00 

3.28  00 

4  84  00 

6.72  00 

9  0.1  OO 

1.1901 

1.55  01 

2.(X)  0l 

2  ,59  01 

1300 

9  06  -01 

1  98  00 

.1.26  00 

4,79  00 

6.64  00 

8.90  00 

1  1701 

1.52  01 

I  96  01 

2  .54  01 

13.50 

9  11  -01 

1.98  00 

.1.26  00 

4  78  00 

6.61  00 

8  84  (8) 

1  1601 

1..500I 

I  94  0l 

2..5I  III 

1400 

9  19  -01 

2.00  00 

,1.27  00 

4  79  00 

6  62  (M) 

8  8.1  00 

I.I60I 

l.'^kiOl 

1. 93  0 1 

2  .50  01 

1450 

9  31  -01 

2.02  00 

.1.30  00 

4  8100 

6.66  00 

8.88  00 

1  1601 

1  .5001 

1. 94  0 1 

2  .52  111 

1.500 

9  46  -01 

2.05  00 

3..15  00 

4  89  00 

6.73  00 

8  97  00 

1.1701 

1..5201 

1. 96  III 

2  .54  111 

1800 

6.87  -01 

1.49  00 

2.43  (Kl 

3 .54  00 

4  87  00 

6  48I8I 

8  47 <K) 

1  1001 

I  42  III 

1  .84  III 

1900 

7  03  -01 

1.52  00 

2.48  (K) 

3  61  (N> 

4.96  00 

66I  00 

8  6.3  00 

I.I20I 

1. 44  III 

1  88  01 

Wavelength 

X(A) 


6  89 
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Table  12.  Continued 


Photon 

Absorption  Energy  _ Net  Detuity  D  (Specular.  0.1  X  0,1  nA)* _ Wavelength 


EleVi 

0.; 

2 

0  4 

0.6 

0.8 

10 

1.2 

1.4 

1.6 

1.8 

2.0 

X(A) 

2000 

7.35 

-01 

1.59  00 

2.59  00 

3.7600 

5.1700 

6.88  00 

8.99  00 

1.16  01 

1.51  01 

1.97  01 

6.20 

2100 

7.69 

-01 

1.66  00 

2.70  00 

3.9300 

5.4000 

7.1800 

9.38  00 

1.2201 

1.58  01 

2.07  01 

5.90 

2200 

8.12 

-01 

1.75  00 

2.85  00 

4.14  00 

5.69  00 

7.57  00 

9.90  00 

1.2801 

;  67  01 

2.19  01 

5.64 

2300 

8.60 

-01 

1.85  00 

3.01  00 

4.3900 

6.02  00 

80200 

1.05  01 

1.36  01 

t.77  01 

2.33  01 

5.39 

2400 

9.13 

-01 

1.97  00 

.3:20  00 

4.65  00 

6.3900 

8.5100 

1.1101 

1.45  01 

1.8901 

2.4901 

5.17 

2500 

9.70 

-01 

2.09  00 

3.40  00 

4.95  00 

6  8000 

905  00 

1.1901 

1.54  01 

2.01  01 

26601 

4.96 

2600 

1.03 

00 

2.23  00 

3.62  'W 

5.27  00 

7.24  00 

9.64  00 

1.26  01 

1.65  01 

2.1501 

2.84  01 

4.77 

27(X) 

1  10 

00 

2.37  00 

3  86  00 

5.6100 

7.7100 

1.03  01 

1.35  01 

1.76  01 

2.30  01 

3.0501 

4.59 

2800 

1.17 

00 

2.53  00 

4  1100 

5.98  00 

8.2200 

1.1001 

1.44  01 

1.88  G1 

2.46  01 

3.26  01 

4.43 

2900 

1.25 

00 

2.69  00 

4.38  00 

6.38  00 

8.77  00 

1.1701 

1.54  01 

2.0001 

2.63  01 

3.4901 

4.28 

3000 

1.33 

00 

2.87  00 

4.67  00 

6.8000 

9.3500 

1.25  01 

1.64  01 

2.14  01 

2.81  01 

3.74  01 

4.13 

3100 

1.42 

00 

3.06  00 

4.98  00 

7.2500 

9.97  00 

1.3301 

1.75  01 

2.28  01 

3.0001 

4.0001 

4.00 

3200 

1  51 

00 

3  26  00 

5.30  00 

7.72  00 

1  0601 

1.42  01 

1.86  01 

2.44  01 

3.2001 

4.2801 

3.87 

3.300 

1.61 

00 

3.47  00 

.5.64  00 

8  22  00 

1.1301 

1.5101 

1.9901 

2.60  01 

3.42  01 

4.57  01 

3.76 

4000 

1.13 

00 

2.44  00 

3.96  00 

5.77  00 

7.9300 

106  01 

1.3901 

1.82  01 

2.3801 

3.18  01 

3.10 

5000 

1.78 

00 

,3.83  00 

6  24  00 

9  09  00 

1.25  01 

1  68  01 

2.21  01 

2.89  01 

3.81  01 

5.1201 

2.48 

6000 

2.71 

00 

5  84  00 

951  00 

1.39  01 

1.9101 

2.56  01 

3.38  01 

4.44  01 

5.87  01 

7.91  01 

2.07 

7000 

396 

00 

8.54  00 

1  39  01 

2.0301 

2  8001 

3.75  01 

4.95  01 

6.51  01 

8.63  01 

1.17  02 

1.77 

8000 

5.57 

00 

1.2001 

1  96  01 

2.860! 

3.9501 

5  29  01 

6.99  01 

9.2001 

1.22  02 

1.6502 

1.55 

900f' 

7  .58 

00 

1.64  01 

2  67  01 

3  9001 

5.3801 

7.2101 

9.53  01 

1.26  02 

1.67  02 

2.26  02 

1.38 

10000 

1.00 

01 

2  17  01 

3  .54  01 

5.1601 

7  1301 

9  5601 

1.26  02 

1.66  02 

2.21  02 

3.0002 

1.24 

*  In  our  notation  in  thii  table,  a  number  foltoiaed  by  a  apace  and  another  number  indicatea  that  the  flrit  number  ia  to  be  multiplied  by  10  raiaed  to  the  power  of 
tbe  second  number;  e  g  .  9  13  -01  means  9  13x10' 

^  Br..M4  edge. 

'  C  K  edge. 

'  N-K.  Ag  Ms  sedges 
•0  Hedge 
I  Br  Ls  iedge 

*  Ag  Lj,!  edge 


Table  13.  Exposure  I  (photOB«/Min*)  at  Various  Net  Densities  for  Filni  2492 

Photon 

Absorption  Energy  _ Net  Density  D  (Specular,  0.1  X  0. 1  nA)* _  Wavelength 

Edge  £(eV)  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0  X  (A) 

A* 


75 

4  11 

01 

1.1202 

2.35  02 

4.4602 

8.1102 

1.44  03 

2.5303 

4.41  03 

7.65  03 

1.32  04 

165.31 

100 

942 

00 

2  49  01 

5.03  01 

9.1901 

1.6002 

2.72  02 

4.56  02 

7.5802 

1.2503 

2.0603 

123.98 

125 

4.29 

00 

1.1001 

2.1301 

3,7301 

6  2201 

1.0102 

1.61  02 

2.53  02 

3.97  02 

6.2002 

99.18 

150 

2.57 

00 

6.36  00 

1  20  01 

2.02  01 

3.2301 

5,02  01 

7.66  01 

1.1502 

1.7302 

2.57  02 

82.65 

175 

1  80 

00 

4  .32  00 

7.88  00 

1.29  01 

1.9901 

2.98  01 

4.37  01 

6.33  01 

9.08  01 

1.3002 

70,85 

200 

1  36 

00 

3.21  00 

5  70  00 

9.0600 

1.3601 

1.9801 

2.81  01 

3.93  01 

5.4501 

7.5101 

61.99 

225 

1  10 

00 

2.53  00 

4  41  00 

6.87  00 

1.0101 

1.43  01 

1.9801 

2.7001 

3.64  01 

4.87  01 

55.10 

2,50 

9  20 

-01 

2.09  tX) 

3.,58  00 

.5,48  00 

7  90  00 

1.1001 

1.4901 

1.99  01 

2.6301 

3.44  01 

49.59 

275 

7  97 

-01 

1.79  00 

3.03  00 

4  57  00 

6.4900 

8.90  00 

1.1901 

1.5601 

2.03  01 

2.62  01 

45.08 

:(oo 

4.1,5 

00 

I.IXIOI 

2.05  01 

3.57  01 

5.9,3  01 

9  58  01 

1.52  02 

2.39  02 

3.73  02 

5.8002 

41.33 

325 

3.27 

00 

8  18  (XI 

1  56  01 

2  67  01 

4  3501 

6.87  01 

1.07  02 

1.64  02 

2.50  02 

3.80  02 

38.15 

3.50 

2.68 

00 

6.63  0(1 

1  '24  01 

2  09  01 

3.34  01 

5.1801 

7.8801 

1.1802 

I  77  02 

2.62  02 

35.42 

375 

2.28 

00 

5  55  00 

1  02  01 

1  70  01 

2  66  01 

405  01 

6.04  01 

8.90  01 

1  ;V0  0'2 

1.89  02 

33.06 

425 

2  17 

00 

5 '29  00 

9  74  00 

1  6101 

•2  5201 

3  83  01 

.5.69  01 

8.;)6  01 

1.22  02 

1.77  02 

29.17 

4.50 

1  88 

IX) 

4  .52(X) 

8  24  00 

1  35  01 

•209  01 

3  13  01 

4  59  01 

6.66  01 

9  .57  01 

1.37  02 

•27.55 

475 

1  67 

00 

:l  98  (X) 

7.1800 

1.1601 

1  77  01 

2.63  01 

3.80  01 

5.44  01 

7.70  01 

1.08  02 

•26.10 

.500 

1  .50 

00 

3  .54  (X) 

6  3,3  00 

I  01  01 

1  .53  01 

2.'23  0l 

.3  20  01 

4.50  01 

6.2901 

8  7201 

24  80 

.5.50 

2  32 

(X) 

5  67  00 

1.05  01 

1.75  01 

•2.76  01 

4.22  01 

6  3201 

9  36  01 

1.38  02 

•2.01  02 

■22..54 

600 

1  90 

00 

4  . .57  (X) 

8  32  (X) 

1  36  01 

209  01 

3  1.3  01 

4.58  01 

6.61  01 

9.46  01 

1.35  02 

•20.66 

6.50 

1  61 

00 

3.82  tX) 

6  8.3  00 

1  0901 

1  65  01 

2.42  01 

3  47  01 

4.89  01 

6.84  01 

9.51  01 

19.07 

7IHI 

1  41 

(M) 

3  28  00 

5  78  (X) 

9  12  (XI 

1  .36  01 

1  95  01 

•2.74  01 

3.79  01 

,5.1901 

7.06  01 

17.71 

7.50 

1  27 

0(1 

2.92  (XI 

5  (17  (X) 

7,97  (X) 

1  15  01 

1  6:iui 

2  -25  (11 

3.05  01 

4.11  01 

,5.48  01 

16.53 

800 

1  16 

00 

2.64  00 

4  53  (X) 

6  93  00 

1  00  01 

1.39  01 

1.8901 

‘2.53  01 

3.34  01 

4.:i8  01 

1.5.50 

I) 
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Table  13.  Continued 


Photon 

Absorption  Energy  _ Net  Density  D  (Specular.  0.1  X  0.1  nA)* _  Wavelength 

Edge  £(eV)  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0  X  (A) 


850 

1.08  00 

2.42  00 

4.1100 

6.2100 

8.85  00 

1.2101 

1.6301 

2.15  01 

2.8001 

3.62  01 

14.59 

900 

1.01  00 

2.26  00 

3.80  00 

5.6900 

8.0100 

1.0901 

1.44  01 

1.8801 

2.4201 

3.09  01 

13.78 

950 

9.66  -01 

2.14  00 

3.55  00 

5.2800 

7.37  00 

9.9100 

1.3001 

1.68  01 

2.14  01 

2.71  01 

13.05 

1000 

9.27  -01 

2.04  00 

3.36  00 

4.9500 

6.86  00 

9.1500 

1.1901 

1.53  01 

1.9301 

2.4201 

12.40 

1050 

8.99  -01 

1.96  00 

3.22  00 

4  7100 

6.4900 

8.5900 

1.1101 

1.4101 

1.7801 

2.21  01 

11.81 

1100 

8.79  -01 

1.91  00 

3.11  00 

4.5300 

6.20  00 

8.17  00 

1.05  01 

1.33  01 

1.66  01 

2.06  01 

11.27 

1150 

8.65  -01 

1.87  00 

3.04  00 

4.4000 

6.00  00 

7.87  00 

1.01  Oi 

1.27  01 

1.5801 

1.95  01 

10.78 

1200 

8.57  -01 

1.85  00 

2.9900 

4.3100 

5.8500 

7.65  00 

9.76  00 

1.22  01 

1.52  01 

1.87  01 

10.33 

1250 

8.54  -01 

1.83  00 

2.96  00 

4.2600 

5.76  00 

7.5100 

9.5600 

1.2001 

1.4801 

1.82  01 

992 

1300 

8.55  -01 

1.83  00 

2.9500 

4  2300 

5.7100 

7.43  00 

9.43  00 

1.1801 

1.45  01 

1.7901 

9.54 

1350 

8.59  -01 

1.84  00 

2.95  00 

4  >3  00 

5.69  00 

7.39  00 

9.37  00 

1.17  01 

1.44  01 

1.77  01 

9.18 

1400 

8.67  -01 

1.85  00 

2  97  00 

4.25  00 

5.71  00 

7.40  00 

9.37  00 

1.1701 

1.44  01 

1.76  01 

8.86 

1450 

8.79  -01 

1.87  00 

3.00  00 

4.2800 

5.76  00 

7.4500 

9.42  00 

1.17  Oi 

1.4501 

1.77  01 

8.55 

1500 

8.94  -01 

1.90  00 

3.04  00 

4.34  00 

5.83  00 

7.54  00 

9.53  00 

1.1801 

1.4601 

1.7901 

8.27 

1800 

6  49  -01 

1.38  00 

2.2>  00 

3  1500 

4.2200 

5.45  00 

6.89  00 

8.56  00 

1.0501 

1  29  01 

6.89 

1900 

6.64  -01 

1.41  00 

2.2.5  00 

3.21  00 

4.30  00 

5.56  00 

7.02  00 

8.72  00 

1.07  01 

1.3201 

6.53 

2000 

6  95  -01 

1.47  00 

2.35  00 

3.3500 

4.4‘»00 

5.80  00 

7.3100 

9.09  00 

1.1201 

1.37  01 

6.20 

2100 

7.27  -01 

1.54  00 

2.46  00 

3.5000 

4.69  00 

6.0500 

7.63  00 

9.48  00 

1.1701 

1.43  01 

5.90 

2200 

7.68  -01 

1.63  00 

2.60  00 

3.6900 

4.94  OG 

6.3800 

8.05  00 

1.0001 

1.23  01 

1.51  01 

5.64 

2300 

8.13  -01 

1.72  00 

2.75  00 

3  91  00 

5.23  00 

6.7500 

8.52  00 

1.06  01 

1.3101 

1.60  01 

5.39 

2400 

8.63  -01 

1.83  00 

2.91  00 

4.1500 

5.55  00 

7.16  00 

9.04  00 

1.1201 

1.3901 

1.7001 

5.17 

2500 

9.18  -01 

1.94  00 

3  'OOO 

44100 

5.90  00 

7.62  00 

9.6100 

1.2001 

1  4801 

1.8101 

4.96 

2600 

9.77  -01 

2.07  00 

3.30  00 

4.6900 

6  2800 

8.1100 

1.02  01 

1.27  01 

1.57  01 

1.94  01 

4.77 

2700 

1.04  00 

2.20  00 

3.5100 

5.0000 

6.69  00 

8.64  00 

1.09  01 

1.3601 

1.6801 

2.07  01 

4.59 

2800 

1.11  00 

2.35  00 

3.74  00 

5.33  00 

7.13  00 

9.2100 

1.16  01 

1.45  01 

1.7901 

2.2101 

4.43 

2900 

1.18  00 

2.50  00 

3  9900 

5.6800 

7.60  00 

9.82  00 

1.24  01 

1.55  01 

1.91  01 

2.36  01 

4.28 

3000 

126  00 

2.67  00 

4.25  00 

6.0500 

8.1100 

1.0501 

1.32  01 

1.65  01 

2.04  01 

2.52  01 

4.13 

3100 

1.34  00 

2.84  00 

4.53  00 

6.45  00 

8.64  00 

1.1201 

1.41  01 

1.76  01 

2.18  01 

2.6901 

400 

3200 

1  43  00 

3.03  00 

4.83  00 

6.87  00 

9  20  00 

1.1901 

1.5001 

1.88  01 

2.32  01 

2.87  01 

3.87 

3300 

1.52  00 

3.22  00 

5.14  00 

7.3100 

9.8000 

1.27  01 

1.6001 

2.00  01 

2.47  01 

3.05  01 

3.76 

4000 

1.07  00 

2.26  00 

3.6100 

5  1300 

6.8800 

8.89  00 

1  1201 

1.40  01 

1.7301 

2.14  01 

3.10 

5000 

1.68  00 

3.56  00 

5.6800 

8.0900 

1.08  01 

1.4001 

1.78  01 

2.22  01 

2.7501 

3.4001 

2.48 

6000 

2.56  00 

5.42  00 

8.65  00 

1.23  01 

16501 

2.14  01 

2.71  01 

3.39  01 

4.2101 

5.2101 

2.07 

7000 

3.74  00 

7.93  00 

1.27  01 

1  8001 

2.4201 

3.13  01 

3.97  01 

4.97  01 

6.1701 

7.6501 

1  n 

8000 

5.26  00 

1.1201 

1.78  01 

2.54  01 

3.41  01 

4.4201 

5.60  01 

7.00  01 

3.7001 

1.0802 

1.55 

9000 

7.17  00 

1.52  01 

2.4301 

3.46  C 

46501 

6.0201 

7.63  01 

9.55  01 

1.19G2 

1.47  02 

1  38 

10000 

9  50  00 

2.01  01 

3.22  01 

4  5801 

6.1501 

7  97  01 

1.01  02 

1.27  02 

1.57  02 

1.95  02 

1.24 

*  In  our  notation  in  Ihii  table,  a  number  followed  by  a  tpao  und  another  number  indical'.a  that  the  Tirit  number  u  lo  be  multiplied  by  10  railed  to  the  power  of 
the  Mcond  number;  e.a .  7  27  -01  means  7  27  x  10~'. 

*  Br-Mt  edge. 

'C  Kedfe. 

<  N  K.  A(  ,  edge 
'O  Hedge 
'  Br-Lijedgc 
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Table  14.  Exposure  f  (photons/Min*)  at  Various  Net  Densities  for  Film  249o 


Photon 

Absorption  Enerp*- _ Net  Density  D  (sprcuUr,  0. 1  x  0  1  nA _ Wa\eUnctb 

Edge  fteVl  0.2  0  4  06  0  8  10  1.2  1.4  1.6  1  8  2.0 _ X  (A) 


A" 


i 

n 

75 

1.65  01 

451  01 

9.46  01 

1  80  02 

3  28  02 

5  84  02 

103  03 

1  79  03 

3.11  03 

5  40  03 

16S31 

100 

3  83  00 

1.02  01 

•2  06  01 

3.7801 

6  62  01 

1.1302 

1.90  02 

3  1802 

5  28  02 

8  76  02 

123  98 

125 

1.78  00 

4.56  00 

8.93  00 

1  58  01 

2  65  01 

4.34  01 

6  98  01 

1  11  02 

1  76  02 

2.7802 

99  18 

150 

1.09  00 

274  00 

5  '20  00 

8  91  00 

1  4501 

■2.28  01 

.3.54  01 

5  43  01 

8.26  01 

1  25  02 

6265 

175 

7  89  -01 

1  93  IXI 

.3.58  00 

5  96  00 

9.40  00 

1  44  01 

2  16  01 

3  20  01 

4  7001 

6  87  01 

70  85 

2tX1 

6  21  -01 

1  49  (X) 

•2.71  00 

4  41  tX) 

6  80  00 

1  01  01 

1  48  01 

2  14  01 

3  0501 

4  34  01 

61  99 

•225 

5  -20  -01 

123  tX) 

2  20 IX) 

.3  5  2  00 

5  31  IX) 

7  77'X) 

1  11  01 

1  57  01 

2  19  01 

3  04  01 

55  10 

2,50 

4  .53  -01 

1.06  t¥1 

1  87  00 

2  94  00 

42)8  00 

6  30  00 

8.87  00 

1  23  01 

1  69  01 

2  30  01 

49  59 

p 

U  r 

275 

4  07  -01 

9.42  -01 

1.64  00 

2.56  00 

3  77  00 

5  35  00 

7  43  00 

1  0201 

1  37  01 

1  8501 

46  08 

:100 

1  72  00 

4  40  (XI 

8.58  00 

1  51  01 

2  53  01 

4  1301 

6  62  01 

1  05  02 

1  66  02 

2  61  02 

41  33 

:V25 

1  36  (X) 

.3  45  (X) 

6  63  00 

1  1501 

1  89  01 

3  02  01 

4  75  01 

7  39  01 

1  14  02 

1  76  02 

38  15 

.1.50 

1.13  00 

2  83  00 

5.36  00 

9  15  00 

1  48  01 

2  33  01 

3  59  01 

5  48  01 

8  3001 

1  25  02 

35  4  2 

r*  d 

:175 

9  75  -01 

2  40  (X) 

4  49  00 

7  .56  00 

1  2001 

1  86  01 

2  8201 

4  23  01 

6  2901 

9  3101 

33  06 

t 

425 

9  35  -01 

2  30  IX) 

4  ;U)  00 

7  ■22  (X) 

1  1501 

1  77  01 

2  6901 

4  02  01 

5  9801 

8  83  01 

29  17 

450 

8  19  -01 

2  00  00 

.1  72  tX) 

6  19  00 

9  76  00 

1  49  01 

2  24  01 

3  32  01 

48801 

7  1301 

27  55 

475 

7  :18  -01 

1  79  (X) 

3  29  00 

.5  43  00 

8  48  00 

1  28  01 

1  90  01 

2  7801 

4  04  01 

5  84  01 

26  10 

5(X) 

6.74  -01 

1  62  00 

2  95  00 

4.83  00 

7  4600 

1  1201 

1  64  01 

2  37  01 

3  40  01 

48501 

24  80 

D' 

.5.50 

9  92  -01 

2.45  (X) 

4  61  00 

7  78  00 

1  >5  01 

1  94  01 

•2  95  01 

4  45  01 

6.66  01 

99201 

■22  54 

600 

8  -29  -01 

2  02  IX) 

3.73  00 

6220  00 

9  74  00 

1.48  01 

■2.21  01 

3  27  01 

4  7801 

69501 

■20  66 

650 

7  71  -01 

1  72  00 

3  1400 

5  1300 

7  92  00 

1.1801 

1  74  01 

2.51  01 

3.6001 

5  1301 

19  07 

W 

700 

6  38  -01 

1  52  00 

2.72  00 

4  39  00 

6  6800 

9  8300 

1  4201 

2  01  01 

2.S3  01 

3  97  01 

17  71 

750 

5  85  -01 

1  37  00 

2.4400 

3  87  00 

5  8000 

8.4100 

M90I 

1  67  01 

2  30  01 

3  16  01 

16  53 

800 

5  45  -01 

1  27  00 

2  22  00 

3  48  00 

5  14  00 

7-4  00 

102  01 

1.4101 

1  9201 

25901 

1550 

8,50 

5  14  -01 

1.18  00 

2  05  00 

3  1700 

4  63  00 

6.5200 

8.97  00 

1  2201 

1  63  01 

2  17  01 

1459 

900 

4  91  -01 

1  12  00 

1  92  00 

2  94  00 

4  24  00 

5  9000 

8.03  00 

1  07  01 

1  42  01 

1  87  01 

13  78 

950 

4  73  -01 

1  07  00 

1  81  00 

2  7500 

.3.93  00 

5  4200 

7  29  00 

9  64  00 

1  2601 

1  63  01 

1306 

1000 

4  59  -01 

1  03  00 

1.73  00 

2  6000 

3  6800 

50200 

6  69  00 

8  7600 

1  1301 

1  4501 

1240 

B 

1050 

4  48  -01 

9  95  -01 

1  66  00 

•2  48  00 

3  4900 

47100 

6  22  00 

8  07  00 

1  0401 

1  320! 

11  81 

1100 

4  40  -01 

9  71  -01 

1  61  00 

2  39  00 

3  33  00 

4  47  00 

5  85  00 

7  53  00 

9  58  00 

1  210) 

II  27 

1150 

4  34  -01 

9.52  -01 

1  57  00 

2  31  00 

3.2000 

4.27  00 

5  56  00 

7  11  00 

8  96  00 

1  13  01 

10  78 

1200 

4  .30  -01 

9.39  -01 

1  54  00 

2226  00 

3  1100 

4.1200 

5  33  00 

6  78  00 

8  52  00 

1  0601 

10  33 

12.50 

4  -28  -01 

930  -01 

1  52  00 

221  00 

304  00 

4.0100 

5  16  00 

65300 

8  1700 

1  01  01 

992 

1300 

4  27  01 

9  24  -  01 

1  51  00 

2  18  00 

298  00 

3  9200 

503  00 

6  34  00 

7  90  00 

9  77  00 

954 

13.50 

4  28  -01 

9  23  -01 

1  5000 

•2  17  00 

2  95  00 

3  86  00 

4  93  00 

6.2000 

7  70  00 

9  5000 

9  18 

$ 

1400 

4  :io  -01 

9  24  -01 

1.5000 

2  16  X) 

2  92  00 

3  8200 

4  87  00 

6  1100 

7  57  00 

9  32  00 

886 

1450 

4  33  -01 

9  29  -01 

1  5000 

2  16 14) 

2  92  00 

3  80  00 

4  84  00 

6  05  00 

7  4900 

92000 

855 

1500 

4  37  -01 

9  37  -01 

1  5100 

2  17  «) 

2  9.3  00 

3  80  00 

4.83  00 

603  00 

7  45  00 

9  1500 

8  27 

K' 

1800 

3  44  -01 

7  39  -01 

1  1900 

1  72  (X) 

2  .32  00 

3  02  00 

3  84  00 

4  6100 

5  95  00 

7  31  00 

680 

1900 

3  49  -01 

7  47  -01 

1  2000 

1  72  00 

2X3  00 

3  03  00 

3  84  00 

4  79  00 

5  92  00 

7  26  00 

6  53 

2000 

3  59  -01 

7  67  -01 

1  23  00 

1  76  00 

2  37  00 

3  0600 

390  00 

466  00 

5  99  00 

7  34  00 

6  20 

1 

2100 

3  70  -01 

7  88  -01 

1  2600 

1  80  00 

2  43  00 

3  14  00 

3  97  00 

4  94  00 

6  09  00 

7  46  00 

590 

2200 

3  84  -01 

8  18  -01 

1  3100 

1  87  00 

2  5100 

3  24  00 

409  00 

509  00 

627  00 

7  67  00 

564 

2300 

4  01  -01 

8  52  -01 

1  36  00 

1  94  U) 

2  60  00 

3  36  00 

f.  24  00 

5  26  00 

6  49  00 

7  95  00 

5  39 

2400 

4  19  -01 

890  -01 

1  42  00 

2  0200 

2  71  00 

3SOOO 

4  42  00 

5  49  00 

676  00 

8  28  00 

5  17 

2.500 

4  40  -01 

9  33  -01 

1  4900 

2  ;  2<)0 

'2  84  00 

366  00 

4  62  00 

5  74  00 

7  07  00 

8  66  00 

4  96 

2600 

4  62  -01 

9  80  -  01 

1  56  00 

2  22 14) 

2  98  00 

384  00 

4  85  00 

6  02  00 

7  42  00 

9  09  00 

4  77 

2700 

4  87  -01 

1  03  00 

1  64  (K) 

2  34  IX) 

1  13  00 

4  04  00 

5  1000 

6  33  00 

7  80  01, 

9  56  00 

4  59 

k 

2800 

5  It -01 

1  09  (X) 

1  73 IX) 

2  46  IK) 

3. Ml  00 

4  26  00 

5  37  00 

6  67  00 

8  22  00 

1  Ul  01 

4  43 

r 

•2900 

5  41  -01 

1  15  (X) 

1  8.1  011 

2  60  tXI 

:i  48 IM) 

4  49  00 

566  00 

7  04  00 

8  67  1X1 

1  1)601 

4  28 

UKNI 

5  71  -ol 

1  21  (X) 

1  91  00 

2  74  IX) 

.167  .X) 

4  74  00 

5  98  00 

7  4100 

9  16  00 

1  13  Ul 

1  13 

IIIXI 

».  ot  -1)1 

1  28  IX) 

2  04  XI 

2  90  00 

3  881X1 

5  01  00 

6  :)■.'  tX) 

7  irilXJ 

9  69  00 

1  1901 

4  on 

I2t»l 

6  Ifi  -o| 

1  15  IK) 

2  15  (X 

1  IK)  IXI 

4  11) IX) 

5  29  00 

6  67  IX) 

X  H)  Ul 

1  02  0 1 

1  26  01 

1  87 

1  tiKI 

6  7t  ol 

14  1  IXI 

2  27 IXI 

1  ^.IIX) 

4  ItlXI 

5  .591X1 

7  iXi  III 

X  7X IXI 

1  on  III 

1  1.1  Ul 

1  76 

Hfnkr  >•!  a! 
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Table  14.  Continued 


I'hoton 


Absorption 

Energy 

Net  Density  D  (speculsr,  O.L  X  0.1  nA)" 

Wavelength 

Edge 

£  (eV) 

0  2 

0  4 

0  6 

08 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

X(A) 

F‘ 

4000 

4  .97  - 

-01 

1  0.5 

00 

!  68  00 

2  3900 

3.19  00 

4.1200 

5.20  00 

6.4600 

7.%  00 

9.7800 

3.10 

5000 

7  37  - 

-01 

I 

00 

2  49  00 

3  54  00 

4  74  00 

6.1200 

7.73  00 

9.63  00 

1.1901 

1.47  01 

2.48 

6000 

1  09 

00 

2  .U» 

00 

;).67  00 

5  22  00 

7.00  00 

9  05  00 

1.1401 

1  43  01 

1.77  01 

2.18  01 

2.07 

7000 

1  ,56 

00 

•i  30 

00 

5  27  00 

7.50  00 

1  01  01 

1  3001 

1.65  01 

2.0601 

2.55  01 

3.15  01 

1.77 

8000 

2  17 

00 

4  59 

00 

7  :«oo 

1.04  01 

1  40  01 

1.81  01 

2.29  01 

2.87  01 

3.56  01 

4.41  01 

1.55 

9000 

2  93 

00 

6  21 

00 

9  91  00 

1  41  01 

1  89  01 

2.45  01 

3  11  01 

3.88  01 

4.82  01 

5.98  01 

1.;18 

10000 

3  86 

00 

8  18 

00 

I  31  01 

1  86  01 

2  50  01 

3.23  01 

4.1001 

5  1301 

6.;t7  01 

7.90  01 

1.24 

•  In  our  nouiton  in  thu  ubW  <  number  followrrl  b\  a  ipxe  and  attother  number  indicatca  that  the  first  number  is  to  be  multiplied  by  10  raised  to  the  power  of 
the  leomd  number,  e  |  .  3  84  -01  mearu  I  .M  s  10  “ ' 

>  Hr  M.ed(e 
‘  I'  K  ed^e 
'  S  K.  A<  M4S  edfes 
*0  Ked(e 
'  Hr  Li  j  ed*e 

*  l-» .  »d«e 
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A  detailed  characterization  haa  been  eatabliahed  for  the  new,  high-aensitivity  double-emulaion  Kodak  Direct 
Exposure  Film  (DEF).  The  experimental  data  baae  consisted  of  density-veraus-expoaure  measurements  that  were 
duplicated  at  several  laboratories  for  x  radiations  in  the  1000-10,000-eV  region.  The  absorption  and  geometric 
properties  of  the  film  were  determined,  which,  along  with  the  density-exposure  data,  permitted  the  application  of  a 
relatively  simple  analytical  model  description  for  the  optical  density,  D,  as  a  function  of  the  intensity,  7  (photons/ 
/im^),  the  photon  energy,  E  (eV),  and  the  angle  of  incidence,  f,  of  the  exposing  radiation.  A  detailed  table  is 
presented  for  the  7  values  corresponding  to  optical  densities  in  the  0.2-2.0  range  and  to  photon  energies,  E  (eV),  in 
the  1000-10,000-eV  region.  Experimentally  derived  conversion  relations  have  been  obtained  that  allow  the  density 
values  to  be  expressed  as  either  diffuse  or  specular.  Also  presented  here  is  a  similar  characterization  of  the 
complementary,  single-emulsion  x-ray  film,  Kodak  SB-5  (or  392).  For  the  1000-10, (XX)-eV  region  this  x-ray  Rim  it 
appreciably  leu  unsitive  but  has  higher  resolution. 


1.  INTRODUCTION 

There  is  a  coiuiderable  need  at  this  time  for  absolute,  high- 
seruitivity,  position-sensitive  x-ray  detection  for  imaging 
and  for  spectroscopic  analysis  in  the  higher-x-ray  photon- 
energy  region  of  1000-10,000  eV.  An  important  example  of 
such  a  need  is  that  for  the  absolute  x-ray  diagnostics  of  high- 
temperature  plasmas  that  are  involved  in  fusion  energy  and 
x-ray  laser  research.  For  many  such  applications,  position- 
seiuitive  x-ray  detection  with  photographic  films  can  be 
exceptionally  simple  and  effective.' 

In  companion  works^-^  we  recently  repo.’ted  the  develop¬ 
ment  of  effective  two-parameter  analytical  equatioiu  for  the 
optical  density,  D,  that  is  generated  in  thick  and  thin  single¬ 
emulsion  films  by  X  radiation  in  the  100-1000-eV  region. 
These  equations  are  functions  of  the  exposure,  7  (photons/ 
the  photon  energy,  E  (eV),  and  the  angle  of  incidence, 
6.  We  have  applied  these  model  relations  to  obtain  detailed 
characterizations  for  the  response  of  the  Kodak  films  that 
are  currently  used  for  position-sensitive  detection  in  the 
low-energy  x-ray  region,  viz.,  Kodak  101,  RAR  2492,  2495, 
and  2497,  and  SB-392.  In  the  present  work,  we  extend  this 
analytical  modeling  to  obtain  the  detailed  response  charac¬ 
teristics  of  the  double-emulsion  films  and  specifically  of  the 
Kodak  Direct  Exposure  Film  (DEF),  which  has  been  de¬ 
signed  for  high  sensitivity  at  the  higher  photon  energies 
(10(X>-10,000  eV)  as  compared  to  that  of  its  predecessor,  the 
Kodak  No-Screen  double-emulsion  film,  which  is  no  longer 
manufactured.  We  have  also  extended  by  a  similar  proce¬ 
dure  the  characterization  of  the  complementary,  single¬ 


emulsion  x-ray  film,  the  Kodak  SB-5  (or  392)  for  this  higher- 
photon-energy  region. 

2.  ANALYTICAL  MODELS  FOR 
PHOTOGRAPHIC  FILM  RESPONSE 

In  Ref.  2  we  developed  a  phenomenological  model  for  the 
photographic  response  of  thick  emulsions  that  implicitly 
expresses  the  photon-energy  dependence  through  the  linear 
absorption  coefficients  for  the  x-ray  absorption  within  a 
supercoat,  for  the  heterogeneous  absorption  within  the 
emulsion,  and  for  the  absorption  within  a  AgBr  Him  grain. 
This  model  led  to  a  “universal”  function,  0,  for  the  density, 
D,  as  a  function  of  exposure,  /,  defined  as 

aD  “  0(/3/),  (1) 

where  a  and  0  are  the  photon-energy-dependent  factors 
given  by 


d  “  [1  -  exp(-#i,d)]exp(-Moto/sin  d).  (3) 

Note  that  in  Ref.  2,  o  was  defined  as  (sin  8/n'  +  do)”*,  where 
do  is  a  measure  of  the  thickne.^^  of  the  first  layer  of  AgBr 
grains  that  may  be  the  primary  absorption  layer  for  the  low 
photon  energies  (<1000  eV).  This  parameter,  do,  can  be 
neglected  for  the  higher  photon  energies  of  interest  here. 
These  “universalizing"  factors,  «  and  d.  are  expressed  in 
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Fig.  1.  Properties  of  the  double-emulsion  film.  DEF.  The  micro- 
metered  total  thickness  and  the  transmission  for  Cu-Ko  (8050  eV) 
of  the  film  and  of  the  polyester  base  >  ield  the  indicated  values  of  the 
emulsion  and  base  thicknesses  T  and  ts,  and  of  the  volume  fraction 
of  the  AgBr  grains,  V.  (For  ,ne  base  transmission  measurements, 
the  emulsions  are  dissolved  .:  ..ay  by  using  a  bleach  solution.)  The 
estimate  of  the  film  grain  size.  d.  is  obtained  from  SEM  film  cross- 
section  photos  as  shown  in  Fig.  2.  The  supercoat  thickness,  to,  is 
sensitively  determined  by  model  equation  fitting  of  the  low-energy 
x-ray  exposure  data. 


SEM  Image  of  Q£F 


5/im 


Polyester  Bose 

Fig.  2.  Cross  section  of  a  DEF  emulsion,  imaged  by  a  SEM.  Sam¬ 
ple  sections  were  obtained  by  breaking  liquid-nitrogen-frozen 
pieces  of  film.  The  average  grain  size  was  estimated  from  such 
photos  by  the  measurement  of  the  outermost  embedded  grains. 


terms  of  the  energy-dependent  linear  absorption  coeffi¬ 
cients,  Mo,  Ml.  and  m',  for,  respectively,  the  supercoat,  the  film 
grain  material  (AgBr),  and  the  heterogeneous  emulsion  of 
these  grains  within  gelatin.  The  geometric  parameters  that 
have  been  chosen  here  to  define  an  emulsion  are  the  super¬ 
coat  thickness,  fo,  the  emulsion  thickness,  T,  and  the  effec¬ 
tive  film  grain  thickness,  d.  The  angle  of  incidence,  8,  of  the 
exposing  radiation  is  measured  from  the  film  plane. 

An  example  of  the  predicted  universal  curve,  aD  = 
will  be  presented  below  using  measured  density-versus-ex- 
posure  {D-D  data  for  the  DEF  film.  It  was  also  predicted 
and  demonstrated  (see  Refs.  2  and  3)  that  this  universal 
curve  may  be  efficiently  fitted  by  a  two- parameter  equation 


for  the  thick  {completely  absorbing)  emulsion  response, 
viz., 

aD  ^  a  ln(l  +  bdD-  (4) 


The  parameters  a  and  b  may  be  determined  by  least-squares 
fitting  of  the  experimentally  determined  and  universally 
plotted  data. 

For  the  corresponding  response  of  a  thin  (incompletely 
absorbing)  emulsion  of  thickness,  T,  we  must  subtract  from 
the  optical  density,  D,  given  by  Eq.  (4)  for  the  infinitely  thick 
emulsion,  the  contribution  to  the  density  that  is  generated 
within  the  layers  below  a  depth,  T  [where  the  exposing  in¬ 
tensity  at  the  emulsion’s  top  surface  has  been  reduced  by  the 
factor  exp(-M'KVjin  8)].  This  consideration  leads  immedi¬ 
ately  to  the  simple  modiHcation  of  Eq.  (4)  for  the  thin- 
emulsion  response,  viz.. 


We  now  extend  this  model  description  for  the  double¬ 
emulsion  film.  In  Figs.  1  and  2  we  describe  the  properties  of 
a  double-emulsion  film  (presented  here  for  the  new  DEF 
film).  For  such  a  film  with  photon  energies  above  about 
4000  eV,  a  signiHcant  amount  of  additional  optical  density 
will  be  generated  within  the  second  emulsion.  This  second 
thin  emulsion  section  will  contribute  a  density  that  may  be 
predicted  by  an  expression  like  that  described  by  the  model 
relation  (5)  for  a  thin  emulsion  but  with  two  simple  modifi¬ 
cations:  We  replace  in  Eq.  (5)  the  term  for  the  super¬ 
coat  transmission,  exp(— Mofo/sin  6)  (in  the  d  factor)  by 
exp(— Mstft/sin  B),  with  ms  and  to  the  linear  absorption  coeffi¬ 
cient  and  the  thickness  of  the  polyester  base,  and  we  replace 
the  incident  intensity,  I,  by  its  reduced  value  at  the  top 
surface  of  the  polyester  base,  1  exp(-Moto  “  m'71.  In  terms 
of  our  originally  defined  value  of  d  given  in  Eq.  (3),  the 
additional  density,  AD,  within  the  second  emulsion  may 
then  be  deduced  directly  from  Eq.  (5)  to  be 


aAD 


1  +  b01  exp[(-Mi,tj,  -  M"n/sin  1 
1  +  bffi  expK-Mitfc  -  2M'D/sin  fl]J 


(6) 


In  Ref.  2  we  have  discussed  the  justiHcation  for  a  linear 
addition  of  the  optical  density  contributions  of  successive 
layers  when  the  total  optical  density  is  within  the  usual 
range  of  density  measurements.  With  the  same  assump¬ 
tion,  we  then  add  the  AD  density  given  by  Eq.  (6)  to  that  of 
the  upper  thin-emulsion  contribution  given  by  (5)  to  obtain 
the  expression  for  the  double-emulsion  response,  viz., 

1  +  6/3/ 

1  +  bdl  exp[(-M'T)/sin  8] 


aD  *a  In 


({ 


1  +  bdl  expK-Mfctj,  -  9]  U 

1  +  6/3/  exp[(-M(,t(,-  2M'T)/sin  8]jj 


It  should  be  noted  that  the  fitting  parameters  a  and  6, 
appearing  in  Eqs.  (4)-(7)  for  the  thick,  thin,  and  double¬ 
emulsion  films,  are  those  initially  suggested  for  the  universal 
curve  fitting  and  thus  for  the  thick-emulsion,  low-energy- 
photon-absorption  regime.  The  same  values  of  a  and  6  then 
reappear,  as  described  above,  in  the  subsequently  developed 
expressions  for  the  thin  and  double-emulsion,  higher-ener¬ 
gy-photon-absorption  regime,  with  the  important  assump- 
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tion  that  these  parameters  will  be  independent  of  photon 
energy.  For  the  photon  energies  in  the  100-10,000-eV  re¬ 
gion  this  assumption  is  considered  to  be  a  good  one  because 

(1)  these  photon  energies  are  sufficiently  high  to  ensure  that 
a  film  grain  is  rendered  developable  by  a  single-photon  ab¬ 
sorption  and  (2)  these  photon  energies  are  sufficiently  low  to 
ensure  that  any  additional  excitation  of  grains  by  high-ener¬ 
gy  photoelectrons  is  negligible. 

3.  CHARACTERIZATION  OF  THE  KODAK 
DIRECT  EXPOSURE  nLM 

We  would  like  to  develop  here  a  detailed  characterization  of 
the  Kodak  DEF  double-emulsion  film  by  using  the  model 
relations  presented  above  and  experimental  (D  versus  /) 
data  that  have  been  obtained  independently  at  four  labora¬ 
tories  for  the  1000-10,000-eV  region.  In  all  these  investiga¬ 
tions,  the  films  were  processed  with  conventional  x-ray  de¬ 
velopers  for  microdensitometric  applications.  These  stud¬ 
ies  may  be  described  as  follows: 

(1)  Phillips  and  Phillips^;  Cu-Ka  (8050  eV);  developed 
with  agitation  in  GBX  for  3  min  at  68“ F  and  densitometered 
with  an  Optronics- 1000  using  matched  influx  and  efflux 
optics  of  0.25  N.A., 

(2)  Rockett  et  al^\  Cu-La  (930  eV),  Al-Ku  (1490  eV). 
Si-Ka  (1740  eV),  Ti-Ka,  d  (4510-4930  eV),  and  Co-Ka 
(6930  eV);  developed  with  agitation  in  Kodak  Industrex  for  5 
min  at  68*F  and  densitometered  with  a  Macbeth  transmis¬ 
sion  densitometer,  TD-404  (diffuse  density),  and 

(3)  Henke  et  al.,  this  work;  Cu-La  (930  eV),  Al-Ka 
(1490  eV),  and  Cu-Ka  (8050  eV);  developed  with  agitation 
in  Kodak  Rapid  X-Ray  (RXR)  for  6  min  at  'r2“F  and  densi¬ 
tometered  with  a  PDS  microdensitometer  using  matched 
influx  and  efflux  optics  of  0. 1  N.A. 

All  exposure  data  were  for  normal-incidence  radiation 
(sin  9  =  1).  For  these  measurements  it  is  important  to  have 
highly  monochromatized  exposing  radiation  of  accurately 
known  intensity.  The  Phillips  and  Phillips'*  Cu-Ka  radia¬ 
tion,  from  a  copper  anode,  was  Ni  foil  filtered,  focused  by  a 
double  mirror  reflection,  and  Bragg  diffracted  from  a  poly¬ 
ethylene  sample.  The  characteristic  line  radiations  of 
Rockett  et  al.^  from  x-ray  tube  anodes  were  filtered,  and  the 
background  continuum  radiation  was  estimated  by  pulse- 
height  analysis  with  their  flow-proportional  and  solid-state 
x-ray  detectors.  In  this  work  we  have  applied  the  character¬ 
istic  x-ray  line  radiations  from  a  demountable  anode  source; 
the  line  radiations  are  then  filtered  and  Bragg  reflected  onto 
a  normal-incidence  detection  circle  of  an  elliptically  curved 
crystal  analyzer  spectrograph^’^  (see  Fig.  3).  An  intensity 
spectrum  is  obtained  by  scanning  an  absolutely  calibrated 
flow-proportional  counter  along  this  detection  cycle.  Pho¬ 
tographic  spectra  are  then  obtained  for  a  series  of  different 
exposures  of  the  35-mm  film  that  is  transported  along  the 
same  detection  circle.  Microdensitometry  is  performed 
with  an  effective  slit  of  dimensions  that  match  those  of  the 
proportional  counterslit  window  and  of  width  smaller  than 
that  of  the  diffraction  line  spectrum  widths.  At  the  mono- 
energetic  Bragg  diffraction  line  peaks,  the  net  optical  densi¬ 
ties,  D,  in  the  photographic  spectra  are  related  to  the  corre¬ 


sponding  intensity  peaks,  I  (photons/square  micrometer),  in 
the  intensity  spectra.  (This  “operational”  procedure  for 
film  calibration  was  designed  to  correspond  precisely  to  the 
actual  procedure,  in  reverse,  for  obtaining  absolute  measure¬ 
ments  of  intensities  from  photographic  spectra.) 

A  Normalizing  Independent  Density-Versus-Exposure 
Data  Sets 

In  our  combining  of  the  DEF  calibration  data  from  the 
independent  laboratory  measurements  described  above,  we 
consider  that  batch-to-batch  variations  and  any  other  varia¬ 
tions  that  result  from  using  different  (but  conventional)  x- 
ray  film  development  procedures  can  be  assumed  to  be  small 
compared  with  the  variations  resulting  from  density  and 
intensity  measurement  errors.  All  density  values  are  for  net 
density,  i.e.,  that  above  the  unexposed  developed  film  back¬ 
ground  density.  We  ensure  that  this  background  correction 
has  been  precisely  accomplished  by  requiring  that  a  linear 
plot  of  D  versus  /  for  the  lower  densities  does  indeed  extrap¬ 
olate  to  the  9-0  origin. 

Before  combining  these  data  for  fitting  by  our  model  rela¬ 
tions,  we  converted  the  D-I  data  of  Phillips  and  Phillips*  to 
an  equivalent  5-min  development  result  by  using  their  D 
versus  time-of-development  curves  (a  small  correction). 
We  then  converted  all  the  D-I  data  of  Refs.  4  and  5  to  the 
specular  density  values  at  0.1  N.A.  for  the  influx  and  efflux 
microdensitometer  optics.  This  is  a  straightforward  con¬ 
version  procedure  because  the  factors,  D,/Dd  (net  specular 
density/net  diffuse  density),  needed  for  this  conversion  are 
slowly  varying  functions  of  diffuse  density,  Dj,  and  are  inde¬ 
pendent  of  the  photon  energy.^  We  have  measured  the  D,/ 
Dd  versus  Di  curves,  which  are  shown  in  Fig.  4,  for  D,  at  0.1 
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Fig.  3.  Metliod  for  obtaining  munoenergetic,  characteristic  line 
exposures,  normally  incident  to  a  detection  circle  of  an  elliptical 
analyzer  spectrograph.  An  intensity  spectrum  is  obtained  by  scan¬ 
ning  an  absolutely  calibrated -flow  proportional  counter  along  this 
detection  circle.  Photographic  spectra  are  obtained  by  a  series  of 
exposures  of  film  transported  along  the  same  circle.  Microdensi- 
tometry  is  with  a  slit  of  effectively  the  same  dimensions  as  that  of 
the  proportional  counter  slit  window  and  of  width  that  is  small  as 
compared  to  the  instrumental  broadened  diffraction  line  width. 
The  density-exposure  data  are  taken  from  corresponding  photo¬ 
graphic  density  and  absolute  intensity  peaks  (photons/square  mi¬ 
crometer),  operationally  similar,  but  in  reverse,  to  the  procedure  for 
the  determination  of  an  absolute  intensity  of  spectral  lines  from  a 
calibrated  photographic  film  spectrum. 
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Fig.  4.  Plots  of  experimentslly  measured  conversion  ratios,  D,/Da 
(net  specular  density/net  diffuse  density),  versus  diffuse  Da  for 
speculjtf  density  measurements  with  matched  influx-efflux  optics 
at  0.1  and  0.25  N.A.  and  for  total  diffuse  density.  (These  ratios  Me 
essentially  independent  of  photon  energy  and  are  for  the  conven¬ 
tional.  x-ray  Film  development.)  These  experimental  curves  yield 
the  conversion  Eqs.  (8)  and  (9)  that  have  been  applied  here  to 
normalize  the  data  sets  of  Refs.  4  and  5. 
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and  0.25  N.A.  (using  the  PDS  and  the  Macbeth  (double- 
diffuse)  densitometers]. 

By  fitting  these  DJDa  data,  we  obtain  the  required  con¬ 
version  equations 

Do  ,/Dd  =  1.9  -  0.35  Dj  +  0.092  (8) 

and 

~  1-31 1 

which  yield 

^o.i/^o.25  =  1-5  -  0.20  Do  25  +  0.041  (9) 

B.  Fitting  the  Model  Equations 

The  linear  absorption  coefficients,  mo.  Mi.  m'.  and  mi>  for  an 
assumed  gelatin  supercoat  (C8H16O5N2.  p  =  1.40  g/cm^),  for 
AgBr,  for  the  heterogeneous  emulsion,  and  for  the  polyester 
base  (C5H4O2,  p  =  1.40  g/cm^),  respectively,  were  deter¬ 
mined  as  described  in  the  companion  Refs.  2  and  3,  using 
photoabsorption  data  compiled  by  Henke  et  alJ 
Note  that  we  have  been  unable  to  obtain  from  the  manu¬ 
facturer  of  the  DEF  the  chemical  formula  for  its  special 
supercoat  material,  and  we  assume  here  that  its  linear  ab- 


Fig.  5.  The  density -exposure  data  chosen  here  for  the  model  equation  fitting,  consisting  of  independent  duplicated  measurements  of  several 
laboratories  at  the  representative  photon  energies,  Cu-I.rf>  (930ev),AI-K<»  (1490  eV),  and  Cu-K«  (8050  eV).  Also  plotted  here  are  the  predicted 
D-l  curves  obtained  by  fitting  the  analytical  model  Eq.  (7)  to  these  data.  Optical  densities  are  net  densities  (above  nonexposed  developed 
background  density)  as  would  be  measured  by  microdensitometry  using  matched  influx-efflux  optics  of  0.1  N.A. 
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sorption  coefficient  is  essentially  proportional  to  that  for 
gelatin  and  that,  for  example,  a  difference  in  mass  density 
can  be  accommodated  in  our  choice  of  an  effective  value  for 
the  supercoat  thickness,  to,  determined  by  a  precise  fitting  of 
the  measured  lower  photon  energy  data.  Similarly,  the  geo¬ 
metric  specifications  for  the  DEF  are  not  available,  and  we 
have  therefore  developed  the  following  procedure  for  their 
determination: 

The  total  DEF  thickness  was  carefully  micrometered  to 
yield  a  value  of  about  213  tim.  We  then  measured  the  x-ray 
transmission  of  the  base-plus-emulsion,  choosing  an  x-ray 
wavelength  that  is  transmitting  in  the  20-40%  range  and 
that  has  a  negligible  absorption  within  the  thin  supercoat. 
This  transmission  is  given  as  ri  in  Fig.  1.  The  emulsion  is 
then  dissolved  away  from  the  polyester  base  by  soaking  for 
about  10  min  in  a  1:1  dilution  of  a  common  bleach  solution 
(5%  aqueous  solution  of  sodium  hypochlorite,  by  weight). 
The  transmission,  defined  in  Fig.  1  as  rn  for  the  remaining 
polyester  base,  is  then  measured.  We  have  chosen  the  Cu- 
Ka  (8050-eV)  line  radiation  for  these  transmission  measure¬ 
ments,  derived  from  a  Cu  anode,  filtered  and  Bragg  reflected 
with  a  pentaerythritol  (PET)  crystal  analyzer.  The  values 
for  Ti  and  are  presented  in  Fig.  1  for  the  DEF  and  were 
0.32  and  0.85,  respectively.  These  results,  along  with  those 
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for  the  film  thickness,  yielded  the  values  of  13  and  185  tim  for 
the  emulsion  and  polyester  base  thicknesses  and  a  volume 
fraction,  V,  of  the  AgBr  grains  equal  to  0.40.  The  general 
relations  for  this  determination  of  the  emulsion  and  base 
thicknesses  follow  from  the  transmission  equations  in  Fig.  1 
and  are 

T  =  a/n')in  yjTjv;  (10) 

and 


(l/M(,)ln(l/r2),  (11) 

in  which  m'.  the  linear  heterogeneous  emulsion  absorption 
coefficient,  contains  the  dependence  on  the  volume  fraction, 
V  (see  Ref.  2). 

The  film  grain  size  was  estimated  from  averaged  measure¬ 
ments  of  the  outermost  imbedded  grains  imaged  in  scanning 
electron  microscope  (SEM)  micrographs  of  the  DEF  cross 
section.  The  SEM  photos  were  obtained  by  Dixon,^  using 
small  DEF  sections  obtained  hy  breaking  liquid-nitrogen- 
frozen  pieces  of  the  DEF.  An  example  of  one  of  these  micro¬ 
graphs  is  shown  in  Fig.  2.  As  will  be  demonstrated,  our 
model  Eq.  (7)  requires  only  an  estimate  of  the  effective  grain 
size.  We  have  determined  from  the  SEM  photos  that  the 
average  grain  size,  d,  is  about  1.6  nm.  It  is  not  feasible  to 


Fig.  6.  Applying  the  model  Elq.  (7)  determined  by  the  data  seta  shown  in  Fig.  5  to  predict  D-I  curves  for  additional  but  unduplicated  D-I  data 
at  photon  energies,  Si-Ka  ( 1740  eV),  Ti-Ko,  (4510, 4930eV),  and  Co-Ka  (6930  eV).  The  prediction  for  the  photon  energy  at  1740  eV  is  excel¬ 
lent.  It  is  suggested  here  that  the  high-density  values  shown  here  for  measurements  with  Ti-Ka  and  Co-Ko  radiations  are  excessively  high  be¬ 
cause  the  films  were  also  exposed  to  the  appreciably  higher  continuum  radiation  that  cannot  be  completely  filtered  out  at  the  higher  photon  en¬ 
ergies  and  that  was  not  completely  included  in  the  detector  "window."  |A  Si  (Lil  solid-state  detector  was  used  only  for  these  two  radiations.| 
See  Ref.  5. 
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Fig.  7.  Demoiutration  of  the  universality  of  the  plot  of  the  aD 
versus  01  data  for  the  x  radiations  that  are  completely  absorbed 
within  the  first  emulsion,  Cu-La  (930  eV),  Al-Ka  (1490  eV),  and  Si- 
Ka(1740eV)  (forthedataof  Rockett  eta/.  (X)  and  Henke  et  al.  (•) 
shown  in  Figs-  4  and  S|.  Also  plotted  here  is  the  model  Elq.  (4)  using 
parameters  derived  by  fitting  data  at  both  the  high  and  the  low 
energies. 


Fig.  8.  Plotted  here  for  the  OEF  is  the  intensity.  /  (photons/square 
micrometer),  that  is  required  to  generate  a  specular  density.  Do  t  “ 
0.5,  versus  photon  energy,  E  (electron  volts),  using  the  best  fit  model 
curve  (Eq.  (7)|  for  the  data  sets  shown  in  Fig.  5  and  the  parameters 
listed  in  Fig.  1  with  the  AgBr  grain  size  at  1.6  iim  and  also  at  the 
varied  values  of  1.2  and  2.0  ^m  in  order  to  illustrate  the  insensitivity 
of  Eq.  (?)  to  the  film  grain  size.  (The  fitting  parameter,  6.  effective¬ 
ly  compensates  for  a  variation  in  d.) 

determine  an  accurate  value  of  the  supercoat  thickness,  fo. 
from  these  SEM  photos.  We  therefore  establish  this  value 
along  with  those  of  the  fitting  parameters,  a  and  b,  by  a  least- 
squares  best  fitting  of  the  model  Eq.  (7)  to  the  D-l  data  sets. 
Fitting  only  the  duplicated  data  sets  that  are  plotted  in  Fig. 
5  (from  four  laboratories),  we  obtain  the  following  values  for 
the  DEF  film; 

0  *  0.680  pm”',  6=  1.69  pm-,  /„=1.0pm. 

Our  determinations  of  the  geometric  parameters  that  are 
needed  in  the  model  Eq.  (7)  are  in  excellent  agreement  with 
those  that  have  been  independently  determined  by  Rockett 
et  al.’’  on  another  DEF  batch. 

In  Fig.  6  we  present  our  model  D-l  curves  along  with  the 


unduplicated  experimental  data  of  Rockett  et  al.^  for  Si-Ka 
(1740  eV).  Ti-Ka,  0  (4510  eV,  4930  eV),  and  Co-Ka  (6930 
eV),  which  were  not  included  in  the  data  base  (presented  in 
Fig.  5)  chosen  for  our  fitting  of  Eq.  (7).  Our  prediction  of 
their  D-I  curve  for  1740  eV  is  excellent.  We  do  not  agree, 
however,  with  their  D-I  measurements  at  the  higher  photon 
energies,  4510/4930  eV  and  6930  eV.  Only  for  these  energies 
have  they  replaced  their  proportional  gas  counter  detector 
by  a  Si(Li)  solid-state  detector.  A  possible  explanation  for 
their  higher-density  values  at  these  higher  photon  energies 
is  that  the  film  exposure  included  that  for  the  higher  contin¬ 
uum  background  associated  with  these  energies  (not  elimi¬ 
nated  in  their  filtered,  direct  source  radiation  and  that  may 
not  have  been  completely  included  in  their  solid-state  detec¬ 
tor  “window”).  Our  rejection  of  these  two  data  sets  in  our 
fitting  of  Eq.  (7)  seems  to  be  strongly  justified  by  the  very 
satisfactory,  simultaneous  fitting  of  the  lower-energy  data 
along  with  that  for  the  highest  photon  energy,  8050  eV  (ob¬ 
tained  by  Phillips  and  Phillips^  and  by  this  work). 

To  demonstrate  the  “universality”  of  this  model  descrip¬ 
tion  for  the  DEF  we  present  in  Fig.  7  the  universal  plot,  aD  * 
0(|8/).  using  only  the  D-l  data  sets  for  the  x  radiations  that 
are  essentially  completely  absorbed  within  the  first  emul¬ 
sion,  viz.,  Cu-La  (930  eV),  Al-Ka  (1490  eV),  and  Si-Ka 
(1740  eV).  Also  plotted  in  Fig.  7  is  the  model  fit  curve  for  a 
thick  emulsion  |Eq.  (4)|  using  the  geometric  parameters  and 
values  of  a  and  b  as  presented  above  for  the  overall  fit  of  Ek]. 
(7)  for  the  DEF  at  both  the  low  and  the  high  photon  energies. 

It  was  noted  earlier  that  the  grain  size,  d,  chosen  here  to  be 
1.6  urn,  was  not  amenable  to  direct,  accurate  evaluation  but, 
nevertheless,  was  not  required  to  be  known  accurately  in  our 
model  Eq.  (7).  The  fitting  parameter,  b,  can  compensate  for 
a  variation  in  d  (from  Eq.  (3)  we  note  that  b0  bmd  for  the 
higher  photon  energy  dependence  on  d  in  the  model  equa¬ 
tions].  To  illustrate  this  insensitivity  we  plot  in  Fig.  8  the 
intensity  /  (photons/square  micrometer)  that  is  required  to 
generate  an  optical  specular  density,  Do.i,  of  0.5,  as  a  func¬ 
tion  of  the  photon  energy,  E  (electron  volts),  using  the  “best- 
choice  parameters”  determined  above  (and  listed  in  Fig.  1), 


u  I _ I _ I  ■  ....  I  I 

l(XX)  3000  _ _  10,000 


Fig.  9.  The  sensitivity,  6,  for  the  DEF  in  the  1000-l0.(XX)-eV  re¬ 
gion.  S  is  defined  here  as  the  reciprocal  of  the  intensity  that  is 
required  to  generate  an  optical  density.  Do  1  *  0.5.  Also  shown  is 
the  calculated  sensitivity.  S,  for  the  first  emulsion  only  in  DEF  in 
order  to  illustrate  the  significant  improvement  in  the  DEF  sensitiv¬ 
ity  for  photon  energies  higher  than  about  4000  eV. 
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Fig.  10.  The  sensitivity,  S,  is  plotted  here  for  an  optical  density. 
Do  1  •  0.5,  and  for  the  1000-10,000-eV  region  for  DBF  and  compared 
with  that  sensitivity  for  the  single-emulsion  film  Kodak  SB-392  (as 
characterized  in  Section  4). 


along  with  similar  best-fit  intensity  curves  with  the  grain 
size  parameter,  d,  varied  from  the  chosen  value  1.6  /tm  to  the 
values  1.2  and  2.0  ^m. 

C.  Expressing  the  Detailed  Photographic  Response  of  the 
Direct  Exposure  Film 

In  Fig.  9  we  present  the  sensitivity  of  the  DEF  for  the  1000- 
10,000-eV  region,  defined  here  as  the  reciprocal  of  that  in¬ 
tensity  (photons/square  micrometer)  that  is  required  to  gen¬ 
erate  an  optical  density,  Do  i,  of  0.5.  Also  shown  here  is  the 
same  sensitivity  curve  calculated  for  the  first  emulsion  only 
(effect  of  second  emulsion  removed)  in  order  to  illustrate  for 
which  photon  energies  there  is  a  significant  improvement 
resulting  from  having  the  double  emulsion.  In  Fig.  10  we 
present  this  DEF  sensitivity  curve  for  the  1000-10,000-eV 
photon-energy  region  and  compare  it  with  that  for  the  sin¬ 
gle-emulsion  x-ray  film  Kodak  SB-392  (characterized  for 
this  high-energy  region  as  described  in  Section  4). 

In  Table  1  we  present  for  Kodak  DEF  a  detailed  tabula¬ 
tion,  using  the  fitted  model  Eq.  (7),  for  the  normal-incidence 


Table  1,  Exposure  I  (photons/^m^)  versus  Net  Optical  Density  Dh.i  nnd  Photon  Energy  E  (eV)  for  the  Kodak  DEF 

Photon 


Energy  _ Net  Density  D  (Specular,  O.X  X  0.1  N.A.) _  Wavelength 


BleV) 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

X(A) 

KXX) 

2.24-01 

5.03-01 

8.50-01 

1.28  00 

1.82  00 

2.49  00 

3.32  00 

4.36  00 

5.65  00 

7.26  00 

12.40 

1050 

1.96-01 

4.36-01 

7.29-01 

1.09  00 

1.53  00 

2.07  00 

2.73  00 

3.54  00 

4.54  00 

5.75  00 

11.81 

1100 

1.74-01 

3.84-01 

6.38-01 

9.44-01 

1.31  00 

1.76  00 

2.30  00 

2.95  00 

3.74  00 

4.69  00 

11.27 

1150 

1..57-01 

3.44-01 

5.67-01 

8.33-01 

1.15  00 

1.53  00 

1.98  00 

2.52  OO 

3.17  00 

3.94  00 

10.78 

1200 

1.43-01 

3.12-01 

5.11-01 

7.46-01 

1.02  00 

1.35  00 

1.74  00 

2.20  00 

2.73  00 

3.37  00 

10.33 

1250 

1.32-01 

2.86-01 

4.66-01 

6.76-01 

9.22-01 

1.21  00 

1.56  00 

1.94  00 

2.40  00 

2.94  00 

9.92 

1300 

1.22-01 

2.64-01 

4.29-01 

6.19-01 

8.40-01 

1.10  00 

1.39  00 

1.74  00 

2.14  00 

2.60  00 

9.54 

1350 

1.14-01 

2.46-01 

3.98-01 

5.72-01 

7.72-01 

1.00  00 

1.27  00 

1.57  00 

1.92  00 

2.33  00 

9.18 

1400 

1.08-01 

2.31-01 

3.72-01 

5.33-01 

7.16-01 

9.25-01 

1.17  00 

1.44  00 

1.75  00 

2.11  00 

8.86 

1450 

1.02-01 

2.19-01 

3.50-01 

,5.00-01 

6.69-01 

8.61-01 

1.08  00 

1.33  00 

1.61  00 

1.93  00 

8.55 

1500 

9.76-02 

2.08-01 

3..32-01 

4.71-01 

6.29-01 

8.07-01 

1.01  00 

1.23  00 

1.49  00 

1.78  00 

8.27 

Absorption 

1800 

Edges: 

8.10-02 

Br-Lx2  (1533- 
1.72-01 

-1599  eVl 
2.73-01 

3.87-01 

5.15-01 

6.58-01 

8.19-01 

9.99-01 

1.20  00 

1.43  00 

6.89 

1900 

7.73-02 

1.64-01 

2.60-01 

3.67-01 

4.86-01 

6.19-01 

7.68-01 

9.34-01 

1.12  00 

1.33  00 

6.53 

2000 

7.42-02 

1.57-01 

2.48-01 

3.49-01 

4.61-01 

5.86-01 

7.24-01 

8.78-01 

1.05  00 

1.24  00 

6.20 

2100 

7.17-02 

1.51-01 

2.38-01 

3.34-01 

4.40-01 

5.58-01 

6.87-01 

8.30-01 

9.89-01 

1.16  00 

5.90 

2200 

6.96-02 

1.46-01 

2.30-01 

3.22-01 

4.23-01 

5.34-01 

6.56-01 

7.90-01 

9.38-01 

1.10  00 

5.64 

2300 

6.78-02 

1.42-01 

2.23-01 

3.11-01 

4.08-01 

5.14-01 

6.30-01 

7.57-01 

8.96-01 

1.05  00 

5.39 

2400 

6.64-02 

1.39-01 

2.17-01 

3.03-01 

3.96-01 

4.97-01 

6.08-01 

7.28-01 

8.60-01 

1.00  00 

5.17 

2500 

6.52-02 

1.36-01 

2.12-01 

2.95-01 

3.85-01 

4.83-01 

5.89-01 

7.05-01 

8.30-01 

9.67-01 

4.96 

2600 

6.44-02 

1.34-01 

2.09-01 

2.90-01 

3.77-01 

4.72-01 

5.74-01 

6.85-01 

8.06-01 

9.36-01 

4.77 

2700 

6.37-02 

1.32-01 

2.06-01 

2.85-01 

3.71-01 

4.63-01 

5.62-01 

6.70-01 

7.86-01 

9.12-01 

4.59 

2800 

6.33-02 

1.31-01 

2.04-01 

2.82-01 

3.66-01 

4.56-01 

5.53-01 

6.57-01 

7.70-01 

8.92-01 

4.43 

2900 

6.30-02 

1. 30-01 

2.02-01 

2.79-01 

3.62-01 

4.51-01 

5.46-01 

6.48-01 

7.58-01 

8.76-01 

4.28 

3000 

6.29-02 

1.30-01 

2.02-01 

2.78-01 

3.60-01 

4.47-01 

5.41-01 

6.41-01 

7.48-01 

8.64-01 

4.13 

3100 

6.30-02 

1.30-01 

2.01-01 

2.77-01 

3.58-01 

4.45-01 

5.37-01 

6.36-01 

7.41-01 

8.54-01 

4.00 

.3200 

6.32-02 

1.30-01 

2.01-01 

2.77-01 

3.58-01 

4.43-01 

5.35-01 

6.32-01 

7.36-01 

8.48-01 

3.87 

3,300 

6.35-02 

1.31-01 

2.02-01 

2.78-01 

3.58-01 

4.43-01 

5.34-01 

6.30-01 

7.33-01 

8.43-01 

3.76 

Absorption 

40(K) 

Edges: 

5.81-02 

Ag-I.,  .(3.351 
1.20-01 

-3526  eV) 
1.86-01 

2..56-01 

3.32-01 

4.12-01 

4.98-01 

5.90-01 

6.89-01 

7.94-01 

3.10 

.5000 

5.76-02 

1.18-01 

1.81-01 

2.47-01 

3.16-01 

3.89-01 

4.65-01 

5.45-01 

6.29-01 

7.17-01 

2.48 

6000 

6.01-02 

1.22-01 

1.87-01 

2.,54-01 

3.23-01 

3.94-01 

4.69-01 

5.46-01 

6.25-01 

7.08-01 

2.07 

7tX)0 

6.63-02 

1.35-01 

2.05-01 

2.77-01 

3.52-01 

4.28-01 

5.07-01 

5.89-01 

6.73-01 

7.60-01 

1.77 

WHX) 

7.64-02 

1. 5.5-01 

2.35-01 

3.18-01 

4.01-01 

4.90-01 

5.79-01 

6.71-01 

7.66-01 

8.63-01 

1.55 

9'HM) 

9.04-02 

1.83-01 

2.78-01 

3.7.5-01 

4.7.5-01 

5.78-01 

6.83-01 

7.91-01 

9.01-01 

1.02  00 

1.38 

KHMK) 

108  01 

2  19  01 

3.33-01 

4.49-01 

5.69-01 

6.91-01 

8.16-01 

9.45-01 

1.08  00 

1.21  00 

1.24 
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Fig.  1 1.  The  density -eipoeure  daU  choeen  here  for  the  model  equation  fitting  for  SB-392  film  at  the  repreaenutive  photon  energies,  Cu-Lo 
(930  eV),  Al-Ka  ( 1490  eV).  and  Cu-K  (8050  eV).  Also  plotted  here  are  the  predicted  D-l  curves  obtained  by  fitting  the  analytical  model  Eq.  (5) 
to  these  total  data.  Optical  densities  are  net  densities  (above  unexposed,  developed  background  density)  as  would  be  measured  by  using 
microdensitometry  with  matched  influx-efflux  optics  of  O.l  N.A. 


intensity  /  (photons/square  micrometer)  that  corresponds  to 
a  given  specular  optical  density,  Do.i  (microdensitometered 
at  matched  0.1-N.A.  optics)  in  the  0.2-2.0  range  and  at  a 
given  photon  energy,  E  (electron  volts),  in  the  lOCXl-lO.OOO- 
eV  region.  Corresponding  values  of  diffuse  optical  densities 
and  those  microdensitometered  at  matched  0.25-N.A.  optics 
for  Table  1  can  be  obtained  by  using  the  conversion  relations 
(8)  and  (9). 

4.  CHARACTERIZATION  OF  THE 
KODAK  SB-392 

For  optimized  measurements  with  position-sensitive  photo¬ 
graphic  detection,  higher  resolution  may  be  more  important 
than  higher  sensitivity.  Then  the  alternative  single -emul¬ 
sion  x-ray  film,  Kodak  SB-5  or  SB-392  film,  should  be  con¬ 
sidered.  (SB-5  and  SB-392  differ  only  in  format,  i.e.,  sheet 
or  35  mm,  respectively.)  In  Ref.  3  we  presented  a  character¬ 
ization  of  the  SB-392  specifically  for  the  low-energy  x-ray 
region  as  based  on  D-l  data  at  only  these  energies.  To 
estimate  the  relative  response  of  this  film  at  the  higher 
photon  energies  (>1(XX)  eV)  we  then  simply  extrapolated 
into  the  next  energy  decade  the  low-energy  results  by  using 
our  model  relations.  We  now  present  a  more  accurate  char¬ 


acterization  of  the  SB-392  for  the  high  photon  energies 
(1(X)0-10,000  eV)  by  using  a  D-l  experimental  data  base 
representative  only  of  this  energy  region  and  by  applying  the 
improved  procedures  for  the  parameterization  of  the  model 
description,  as  has  been  described  in  detail  in  Section  3  for 
the  characterization  of  the  complementary  Kodak  DEF. 

Using  the  same  calibration  procedure  as  described  above 
for  the  present  work,  we  have  added  D-l  data  for  the  Cu-Ka 
(8050-eV)  X  radiation  to  the  previously  measured  data  pre¬ 
sented  in  Ref.  3  for  the  photon  energies  Cu-La  (930  eV)  and 
Al-Ka  (1490  eV).  These  data  are  presented  in  Fig.  1 1  along 
with  the  predicted  curves  by  using  the  analytical  single¬ 
emulsion  model  Eq.  (5)  that  is  based  on  a  parameterization 
determined  as  follows: 

The  emulsion-plus-base  thickness  of  the  SB-392  was  mi- 
crometered  to  be  196  /im.  Using  PET-crystal-monochro- 
matized  Cu-Ka  radiation,  the  transmission  for  two  layers  of 
the  film,  Tf,  and  of  two  layers  of  the  base,  r*  (with  the 
emulsion  removed),  were  measured  to  be  0.461  and  0.725, 
respectively.  These  transmissions  are  related  to  the  emul¬ 
sion  and  base  thicknesses,  T  and  ti,,  as  follows: 
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Table  2.  Exposure  I  (photona/^m^)  versus  Net  Optical  Density  Dt  |  and  Photon  Energy  E  (eV)  for  the 

Kodak  SB-392 


Photon 


Energy  _ Net  Density  D  (Specular.  0.1  X  0.1  N.A.) _  Waveleiurth 


E  (eV) 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

X(A) 

1000 

3.03-01 

6.87-01 

1.17  00 

1.79  00 

2.56  00 

3.55  00 

4.79  00 

6.37  00 

8.37 

00 

1.09  01 

12.40 

1050 

2.63-01 

5.90-01 

9.94-01 

1.49  00 

2  .12  00 

2.89  00 

3.84  00 

5.03  00 

6.50 

00 

8.34  00 

11.81 

1100 

2.33-01 

5.16-01 

8.60-01 

1.28  00 

1.79  00 

2.41  00 

3.17  00 

4.10  00 

5.23 

00 

6.61  00 

11.27 

1150 

2.09-01 

4.59-01 

7.59-01 

1.12  00 

1.55  00 

2.07  30 

2.69  00 

3.44  00 

4.34 

00 

5.43  00 

10.78 

1200 

1.90-01 

4.15-01 

6.81-01 

9.96-01 

1.37  00 

1.81  00 

2.33  00 

2.96  00 

3.70 

00 

4.58  00 

10.33 

1250 

1.75-01 

3.80-01 

6. 20-01 

9.00-01 

1.23  00 

1.61  00 

2.06  00 

2.59  00 

3.22 

00 

3.95  00 

9.92 

1300 

1.63-01 

3  52-01 

5.70-01 

8.23-01 

1.12  00 

1.46  00 

1.85  00 

2.31  00 

2.85 

00 

3.48  00 

9.54 

1350 

1.53-01 

3.29-01 

5.30-01 

7.61-01 

1.03  00 

1.33  00 

1.69  00 

2.09  00 

2.56 

00 

3.11  00 

918 

1400 

1.45-01 

3.  >0-01 

4.98-01 

7.12-01 

9.5601 

1.23  00 

1.55  00 

1.92  00 

2.34 

00 

2.82  00 

8.86 

1450 

1.38-01 

2.95-01 

4.71-01 

6.71-01 

8.9801 

1.16  00 

1.45  00 

1.78  00 

2.16 

00 

2.60  00 

8.55 

1500 

1.33-01 

2.82-01 

4.50-01 

6.38-01 

8.5101 

1  09  00 

1.36  00 

1.67  00 

2.02 

00 

2.42  00 

8.27 

Absorption 

1800 

Edges: 

1.01-01 

Br-L,.j(1533 

2.13-01 

-1,599  eV) 
3.39-01 

4.79-01 

6.3601 

8.12-01 

1.01  00 

1.23  00 

1.48 

00 

1.77  00 

6.89 

1900 

9.67-02 

2.04-01 

3.23-01 

4.56-01 

6.0301 

7.68-01 

9.53-01 

1.16  00 

1.39 

00 

1.65  00 

6.53 

2000 

9.41-02 

1.98-01 

3.13-01 

4.40-01 

5.8001 

7.37-01 

9.11-01 

1.11  00 

1.32 

00 

1.57  00 

6.20 

2100 

9.23-02 

1.94-01 

3.05-01 

4.2801 

5.6401 

7.15-01 

8.81-01 

1.07  00 

1.27 

00 

1.51  00 

5.90 

2200 

9.13-02 

1.91  -01 

3.01-01 

4.21-01 

5.5401 

6.99-01 

8.61-01 

1.04  00 

1.24 

00 

1.46  00 

5.64 

2300 

9.09-02 

1.90-01 

2.98-01 

4.17-01 

5.4701 

6.91-01 

8.48-01 

1.02  00 

1.22 

00 

1.43  00 

5.39 

2400 

9.11-02 

1.90-01 

2.98-01 

4.16-01 

5.4501 

6.87-01 

8.43-01 

1.01  00 

1.20 

00 

1.42  00 

5.17 

2500 

9.18-02 

1.91-01 

3.00-01 

4.1801 

5.4601 

6.88-01 

8.42-01 

1.01  00 

1.20 

00 

1.41  00 

4.96 

2600 

9.29-02 

1.94-01 

3.0,3-01 

4.2101 

5.5101 

6.92-01 

8.47-01 

1.02  00 

1.20 

00 

1.41  00 

4.77 

2700 

9.45-02 

1.97-01 

3.07-01 

4.2701 

5.5801 

7.00-01 

8.56-01 

1.03  00 

1.22 

00 

1.42  00 

4.59 

2800 

964-02 

2.00-01 

3.13-01 

4.3501 

5.6801 

7.12-01 

8.70-01 

1.04  00 

1.23 

00 

1.44  00 

4.43 

2900 

9.87-02 

2.05-01 

3.20-01 

4.4401 

5.7901 

7.27-01 

8.87-01 

1.06  00 

1.26 

00 

1.47  00 

4.28 

■Mm 

1.01-01 

2.10-01 

3.28-01 

4.5501 

5.9401 

7.44-01 

9.08-01 

1.09  00 

1.28 

00 

1.50  00 

4.13 

3100 

1  04-01 

2.17-01 

3.37-01 

4.6801 

6.1001 

7.64-01 

9.31-01 

1.11  00 

1.32 

00 

1.54  00 

4.00 

3200 

1.08-01 

2.23-01 

3.48-01 

4.8201 

6.2801 

7.86-01 

9.58-01 

1.15  00 

1.35 

00 

1.58  00 

3.87 

3300 

1.11-01 

2.30-01 

3.59-01 

4.9801 

6.4801 

8.11-01 

9.88-01 

1.18  00 

1.39 

00 

1.63  00 

3.76 

Absorption  Edges: 
4000  8.94-02 

Ag-L,.:- (3.351 
1.86-01 

-3526  eV) 
2.90-01 

4.0201 

5.2401 

6.57-01 

8.01-01 

9.60-01 

1.13 

00 

1.33  00 

3.10 

5000 

1.14-01 

2.37-01 

3.69-01 

5.1001 

6.6401 

8.30-01 

1.01  00 

1.21  00 

1.42 

00 

1.66  00 

2.48 

6000 

1.53-01 

3.18-01 

4.94-01 

6.8401 

8.8801 

1.11  00 

1.35  00 

1.61  00 

1.90 

00 

2.21  00 

2.07 

7000 

2.08-01 

4.30-01 

6.69-01 

9.2501 

1.20  00 

1.50  00 

1.83  00 

2.18  00 

2.56 

00 

2.99  00 

1.77 

8000 

2.79-01 

5.77-01 

8.97-01 

1.24  00 

1.61  00 

2.01  00 

2.45  00 

2.92  00 

3.43 

00 

4.00  00 

1.55 

9000 

3.68-01 

7.62-01 

1.18  00 

1.64  00 

2.13  00 

2.65  00 

3.23  00 

3.85  00 

4.53 

00 

5.28  00 

1.38 

10000 

4.77-01 

9.87-01 

1.53  00 

2.12  00 

2.76  00 

3.44  00 

4  .18  00 

4.99  00 

5.87 

00 

6.84  00 

1.24 

1  /  1 

.  (13) 

Applying  these  equations  for  the  two  layers  of  the  film  and  of 
the  base,  the  single-emulsion  thickness,  T;  base  thickness,  («; 
and  the  volume  fraction  of  the  AgBr  grains,  V,  were  deter¬ 
mined  to  be  11.3  pm,  183.8  pm,  and  0.20,  respectively.  (It  is 
interesting  to  note  that  these  values  were  determined  by 
model  fitting  alone  of  the  low-photon-energy  data  in  Ref.  2 
to  be,  for  T and  W,  10  pm  and  0.2.)  With  these  parameters, 
the  model  relation  for  the  single-emulsion  film  (Ek).  (5)|  was 
least-squares  fitted  to  the  data  sets  presented  in  Fig.  1 1  to 
yield  the  following  values  of  fitting  parameters,  a  and  6,  and 
of  the  supercoat  thickness,  to: 

a=0.545pm“‘,  b=  1.39  pm',  1,,=  1.0  pm. 

In  Ref  3  we  reported  the  measured  ratios,  DJDj  (net 
specular  density/net  diffuse  density),  for  the  specular  densi¬ 
ties,  Do  I  and  Do  >s  (measured  with  microdensitometer  influx 
and  efflux  matched  optics  at  N.A.  values  of  0.1  and  0.25). 


These  measurements  yield  the  conversion  equations  for  SB- 
392 

Do,/Dd-  1.6-0. 10  Dj, 

~  (14) 

and 

^0  1^^0  25  =  1-3  —  0.07  Dq  25.  (15) 

Using  Eqs.  (14),  we  have  converted  the  diffuse-density,  D- 
/  data  on  SB-5  by  Koppel  and  Boyle*  and  present  these  also 
in  Fig.  11.  (Theirdevelopment  procedure  was  5  min  in  RXR 
at  68”  with  agitation  as  compared  with  our  procedure  at  6 
min  in  RXR  at  72”  with  agitation.) 

Using  the  analytical  Elq.  (5)  thus  determined  for  the  SB- 
392  film,  we  presented  in  Fig.  10  its  sensitivity,  S,  in  compar¬ 
ison  with  that  for  DEF,  and  in  Table  2  we  present  the 
normal-incidence  intensity,  /  (photons/square  micro¬ 
meters),  that  generates  the  specular  density  Do  i  in  the  0.2- 
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2.0  range  and  at  the  photon  energ>'  E  (electron  volts)  in  the 
1000-10,000-eV  region. 

Finally  it  is  important  to  note  that  for  the  single-emulsion 
film  at  medium  or  low  exposures  of  significantly  high-pho- 
ton-energy  x  radiation,  the  D-I  relation  becomes  simply 

D  =  CM./,  (16) 

with  the  energy  dependence  given  completely  as  that  for  the 
absorption  coefficient,  >ii,  of  AgBr  and  with  the  dependence 
on  the  film  grain  size  (before  development)  and  the  silver 
cluster  grain  size  (after  development)  along  with  the  T  and  V 
parameters  disappearing  within  a  single  Fitting  parameter,  c, 
that  is  independent  of  the  angle  of  incidence,  8.  This  result 
may  be  readily  derived  by  expanding  the  model  Eq.  (5)  for 
the  high-energy  limit  for  which  md,  <tnd  n'T  are  small 
compared  with  unity.  For  the  Kodak  SB-392  film  exposed 
with  medium  or  low  intensities  of  photon  energies  around 
10,000  eV,  the  D-I  relation  may  be  well  approximated  by  the 
characteristic  equation 

Dfl,  =  7.3  Mil/irn'M/lphotons/nm"),  (17) 

where  is  the  linear  absorption  coefficient  of  AgBr  for  a 
particular  photon  energy  (see  Mi-versus-E  table  in  Ref.  3). 

5.  SUMMARY 

In  this  work  we  have  presented  detailed  characterizations  of 
the  new,  high-sensitivity  double-emulsion  Kodak  DEF  and 
the  less  sensitive  but  higher- resolution  single-emulsion  Ko¬ 
dak  SB-392  film  for  microdensitometric  applications  in  the 
high-energy  x-ray  region.  These  characterizations  were 
shown  not  to  be  strongly  affected  by  the  normal  variations 
(several  laboratories  evaluated)  resulting  from  the  choice  of 
a  conventional  x-ray  development  procedures  and  from 
batch-to-batch  differences.  The  accuracy  of  our  averaging 
characterizations  was  limited  mostly  by  the  experimental 
errors  of  the  D-I  measurements.  The  magnitude  of  these 
errors  and  the  accuracy  of  our  characterizations  may  be 
estimated  by  the  comparison  of  the  D-I  data  from  the  sever¬ 
al  laboratories  as  plotted  against  our  model  curves  in  Figs.  5 
and  11. 

The  three  significant  figures  expressed  in  Tables  1  and  2 
for  the  exposure  I  (photons/square  micrometer)  are,  of 
course,  indicative  not  of  the  absolute  accuracy  of  these  aver¬ 
aged  characterizations  but  rather  of  relative  precision.  The 
absolute  accuracy  can  be  evaluated  and  perhaps  improved 
by  fitting  our  average  characterizations  to  a  few  experimen¬ 
tal  D-I  film  calibrations  made  on  a  particular  film  batch  and 
with  a  given  laboratory's  measurement  procedure. 

The  model  relations  that  have  been  developed  in  this 
paper  and  in  companion  works-’^  for  the  response  of  x-ray 
films  and  presented  here  in  Elqs.  (4)-(7)  are  relatively  simple 
analytical  relations  amenable  to  small-computer  generation 
of  absolute  spectral  intensities.  These  model  descriptions 
are  based  on  two-  or  three-parameter  fitting  of  a  few  D-I 
experimental  data  sets  that  are  representative  of  the  pho¬ 
ton-energy  region  of  application.  A  simple  procedure  has 
been  established  for  the  determination  of  the  basic  geomet¬ 
ric  parameters  of  the  x-ray  film  that  are  required  for  these 
model  analytical  descriptions. 

The  8  dependence  of  our  model  Eqs.  (4)-(7)  has  been 
experimentally  verified  for  incidence  angles  greater  than 
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about  10  deg  (see  Ref.  3).  The  same  parameters  that  have 
been  used  to  calculate  the  film  characterizations  presented 
in  Tables  1  and  2  for  normal  incidence  can  be  applied  in 
these  model  equations  to  calculate  the  film  response  for 
smaller  angles  of  incidence  between  10  and  90  deg. 

In  Appendix  A  we  summarize  a  recommen  led  film-hand¬ 
ling  and  -processing  procedure  that  will  produce  the  DEF 
and  SB-392  characteristics  described  in  this  work. 

APPENDK  A:  FILM-HANDLING  AND 
-DEVELOPMENT  PROCEDURES 

Kodak  Type  DEF  (DEF-392) 

The  Kodak  DEF  or  DEF-392  (the  difference  being  the  sheet- 
film  or  35-mm  format)  should  be  handled  under  Kodak 
Safelight  Filter  no.  GBX-2  with  a  15-W  bulb,  no  closer  than 
1  m  from  the  film.  This  practice  should  be  followed  during 
processing  as  well.  Special  care  should  be  taken  not  to  bend 
the  film  too  sharply,  since  doing  so  will  result  in  many  mi¬ 
nute  cracks  in  the  emulsion.  Fresh  processing  solutions 
should  be  used  whenever  possible;  this  is  especially  true  for 
the  developer  because  it  will  deteriorate  when  in  an  open 
tray  or  processing  tank.  The  processing  of  the  film  is  as 
follows,  with  all  solutions,  including  the  wash  water,  at  68°  F 
in  either  a  developing  tank  for  roll  film  or  a  tray  for  sheet 
film: 

1.  Development:  5  min  in  Kodak  GBX  developer  with 
gentle  but  continuous  agitation. 

2.  Rinse:  30  sec  in  Kodak  Indicator  stop  bath  with  gen¬ 
tle  but  constant  agitation. 

3.  Fixing:  6  min  in  Kodak  Rapid  Fixer  or  GBX  fixer 
with  constant  agitation. 

4.  Wash:  30  min  in  running  water  then  30  sec  in  Kodak 
Photo-Flo  200  working  solution. 

5.  Drying;  At  room  temperature  in  still  air,  or  at  elevat¬ 
ed  temperatures  not  over  100°F  in  moving  air. 

In  drying  the  film  at  elevated  temperatures,  care  should  be 
taxen  not  to  allow  the  relative  humidity  at  the  film  to  drop 
below  50%,  as  this  can  cause  excessive  shrinkage  of  the  emul¬ 
sion  and  a  possible  distortion  of  the  image.  The  use  of 
Photo-Flo  wetting  agent  will  help  promote  uniform  drying  of 
the  film  by  either  method,  with  a  minimum  of  drying  arti¬ 
facts  and  water  spots. 

Kodak  Type  SB-S  (SB-392) 

Recommended  film  handling  and  development  procedure  is 
that  described  above  for  Kodak  DEF. 
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11.  TECHNICAL  NOTES:  THE  CHARACTERIZATION  OF 
X-RAY  PHOTOCATHODES 


The  absolute  efficiency  for  the  conversion  of  x-ray  photons  to 
photoemitted  electrons  and  the  statistics  governing  the  number  of 
electrons  per  photon- induced  "bunch"  need  to  to  characterized  for  the 
development  of  absolute  spectrometry  particularly  for  the  time-resolving 
x-ray  diodes  and  streak  cameras. 

When  an  x-ray  photon  is  absorbed  within  a  photocathode  the 
resulting  primary  electrons  (photo-and  Auger  electrons)  proceed  to 
generate  a  much  greater  number  of  low  energy  secondaries  (electron 
hole-pairs).  Generally,  the  average  penetration  depth  of  the  photons  is 
very  large  compared  to  the  average  escape  depth,  A,,  of  the  "random 
walking"  secondaries  within  the  photoemitLer .  This  "sea"  of  secondaries 
has  an  energy  distribution  just  inside  the  vacuum-photocathode  interface 
which  is  determined  by  the  electronic  band  structure  of  the  material. 
Because  of  the  relatively  large  depth  through  which  these  secondaries 
are  formed,  the  energy  distribution  at  the  surface  becomes  Independent 
of  the  exciting  photon  energy,  E.  In  addition,  the  fraction  of  these 
secondaries  that  can  escape  through  the  surface  and  their  emitted  energy 
distribution  are  determined  only  by  the  surface  work  function  or 
electron  affinity  and  are  also  independent  of  the  exciting  photon 
energy.  The  quantum  yield,  Y,  (emitted  electrons  per  normally  incident 
photon),  however,  is  strongly  dependent  upon  the  photon  energy,  E,  and 
we  find  that  it  is  proportional  to  E/i(E)  where  ;i(E)  is  the  mass 
absorption  coefficient  of  the  photocathode.  These  results  have  been 
explained  by  a  phenomenological  model  and  verified  experimentally  in  our 
previous  work.  In  Fig.  1  the  general  argument  for  this  energy 
dependence  is  given,  based  upon  the  reason  that  since  the  shape  of  the 
energy  distribution  curves  (EDC's)  are  Independent  of  the  photon  energy, 
E,  it  follows  that  the  yield,  Y,  should  then  essentially  be  proportional 
to  the  energy  that  is  deposited  within  the  escape  depth.  A,,  viz. 
E/i(E)pA,.  It  is  noted  that  Y  is  also  simply  proportional  to  the  average 
imaginary  component,  £2,  of  the  atomic  scattering  factors  of  the 
material.  Therefore,  for  pure  element  photocathodes ,  their  energy 
dependence  is  essentially  that  of  our  fj  plots  for  the  94  elements 
(ADNDT,  Vol.  27). 

In  Fig.  2  are  presented  the  quantum  yield  curves  as  we  have 
measured  them  for  gold  and  high  density  cesium  iodide,  along  with  the 
E/i(E)  curves  (arbitrary  scale)  which  verify  this  energy  dependence. 

We  are  also  measuring  the  number  of  "electron  bunches"  per  photon 
via  the  counts  measured  per  photon  using  microchannel  plate 
pulse-counting.  These  photon  counting  efficiencies  for  the  high  and  low 
density  cesium  iodide  are  shown  in  Fig.  4.  The  photocathodes  were 
generated  by  high  vacuum  evaporation  and  by  evaporation  under  about  15 
Torr  of  Ar,  respectively.  The  ratio  of  the  quantum  yield,  Y,  to  this 


photon  counting  efficiency  gives  us  the  Average  nuaber  of  electrons  per 
bunch  which  is  an  important  paraaeter  in  tiae- resolving  statistics. 

We  are  currently  investigating  the  photoeaission  characteristics  of 
solid  Xe  and  Ar  for  which  the  escape  depths  are  orders  of  magnitude 
larger  than  those  of  the  conventionally  applied  photocathode.  As 
predicted,  these  photocathodes  have  considerably  higher  yields  at  the 
higher  photon  energies.  For  example,  in  our  preliminary  measurements, 
we  obtain  for  both  Xe  and  Ar  at  12.^4  eV  about  45  emitted  electrons  per 
photon,  which  is  twenty  times  the  \alue  for  Csl  and  one  thousand  times 
that  for  gold  at  this  energy.  The  escape  depths  of  the  solid  rare  gases 
are  no  longer  small  compared  to  the  photon  absorption  depths  for  lower 
energy  photons  and,  consequently,  we  must  expect  a  falling  off  from  the 
E^(E)  dependence  according  to  the  model  described  in  Fig.  2  in  the  low 
energy  region. 
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Figure  2.  Thick  Gold  Photocothode 
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12.  TECHNICAL  NOTES:  LOW-ENERGY  FLUORESCENT  X-RAY 
SPECTROSCOPY  FOR  MATERIALS  ANALYSIS 


The  low  energy  fluorescent  x-ray  spectra  of  molecules  and  solids 
are  rich  in  spectral  bands  that  are  the  result  of  radiative  transitions 
from  the  outermost  electronic  levels  to  the  photoionized  core  "holes"  of 
the  first  sharp  inner  levels.  Consequently,  these  spectra  can  be  energy 
"maps"  of  the  syrametries  and  densities  of  states  of  the 
chemical-and-solid  state  state-sensitive  outer  electron  levels.  The 
band  energy  structure  and  shifts  become  more  pronounced  and  resolvable 
in  the  low  energy  spectra  because  there  are  larger  effects  relative  to 
the  low  energy  region  of  measurement. 

Through  many  years  in  this  laboratory  we  have  developed  a  very 
efficient  type  of  low  energy  spectroscopy  based  upon  using  a  cosely 
coupled  high  powered  de-mountable  characteristic  line  excitation  x-ray 
source,  a  large-area  fluorescent  sample,  flat  crystal/multilayer 
anlayzers  with  Soller-slit  collimination  and  pressure- tuned  pulse -heigi'.t 
discriminating  flow  proportional  counter  detection  step-scanned  data 
colleciton  is  by  on-line  computer  programming. 

Generally,  it  s  important  to  selectively  excite  the  desired  core 
states  by  choosing  a  characteristic  excitation  source  line  of  higher- 
energy  that  is  very  close  to  the  photoionization  energy.  In  this  way, 
the  spectral  series  that  is  measured  is  well  defined  and  unwanted 
background  radiation  is  eliminated.  After  the  excitation  source  is 
chosen,  its  filter  window,  that  of  the  counter,  the  crystal/multilayer 
analyzer  and  the  counter  gas  and  pressure  are  carefully  chosen  in  order 
to  optimize  the  efficiency-and-resolution  of  the  measurement. 

Shown  here  is  our  vacuum  spectrograph  as  currently  sec  up  for  the 
measurement  of  the  band  spectra  of  solid  rare  gases  and  of  Che  new  "hii-,;'. 
temperature"  superconductor  materials. 


High  Efficiency  X-Ray  Spectrograph 
for  the 

100-10,000  eV  Region 


Sho'-m  here  is  a  helium  refrigerator  system  that  allows  the  fluorescent 
sample  temperature  to  be  controlled  down  to  about  15  degrees  Kelvin, 
shroud,  held  at  a  temperature  lower  than  that  of  the  sample,  provides 
effective  cryo-pumping  at  the  sample  surface.  This  system  is  currentl 
being  applied  for  the  measurement  of  the  band  spectra  of  solid  Xe  and 
and  for  the  "high  temperature"  superconductors  (e.g.  Cu-Ba-Y-0) . 
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13  Temporal  dependence  of  the  mass-ablation  rate  in  uv-laser-irradiated  spherical  targets 
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In  this  paper  we  present  new  measurements  of  thermal  transport  in  spherical  geometry  using 
time-resolved  x-ray  spectroscopy.  We  determine  the  time  dependence  of  the  mass-ablation  rate  by 
following  the  progress  of  the  ablation  surface  through  thin  layers  of  material  embedded  at  various 
depths  below  the  surface  of  the  target.  These  measurements,  made  with  6  and  12  uv  (351  nm) 
beams  from  the  OMEGA  laser  system  of  the  Laboratory  for  Laser  Energetics  of  the  University  of 
Rochester,  are  compared  to  previous  thermal  transport  data  and  to  detailed  hydrodynamic  code 
simulations.  We  find  agreement  with  code  results  for  the  scaling  of  the  mass-ablation  rate  with  ab¬ 
sorbed  intensity,  but  measure  larger  absolute  values  than  predicted.  This  finding  is  interpreted  as 
being  the  result  of  irradiation  nonuniformities  on  target.  The  sharp  decrease  in  the  mass-ablation 
rate  after  the  peak  of  the  laser  pulse  predicted  in  simulations  is  consistent  with  experimental  obser¬ 
vations. 


I.  INTRODUCTION 

Thermal  transport  in  spherical  targets  uniformly  irradi¬ 
ated  with  multiple,  nanosecond-duration  laser  beams  has 
been  a  topic  of  much  theoretical'  and  experimental  in- 
terest.^~^  An  understanding  of  thermal  transport  process¬ 
es  in  laser  fusion  plasmas  is  important  in  that  they  impact 
directly  on  laser-induced  ablation  processes  which  drive 
the  implosion  of  direct-drive  laser  fusion  targets.  The 
direct  measurement  of  the  transport  of  thermal  energy 
from  the  absorption  region  to  the  ablation  surface  is  not 
possible.  However,  the  mass-ablation  rate  rk  (g/cm^s) 
which  is  dependent  on  the  thermal  transport  can  be  mea¬ 
sured  through  a  variety  of  diagnostics,  such  as  plasma 
velocity  and  x-ray  spectroscopic  techniques.  In  eflect,  m 
is  a  measure  of  the  depth  of  material  penetrated  by  the 
heat  front  during  the  laser  pulse. 

There  is  a  growing  body  of  experimental  measurements 
of  m,  some  of  which  appears  to  suggest  that  the  transport 
of  thermal  energy  is  inhibited.  Computer  simulations  of 
these  experiments  place  an  upper  limit  on  the  heat  flux 
such  that  9=min(qci>/9rs)i  where  fd  is  the  classical 
value,  qrs  the  free-streaming  limit  and  /  is  referred  to  as 
the  flux  limiter.  Experiments  in  spherical  geometry  have 
inferred  various  levels  of  flux  inhibition.  For  A.=  l.OS  ^m 
laser  irradiation^~’  values  range  from  as  low  as  / =0.06 
to  fluxes  in  excess  of  the  free-streaming  limit.  In  Ref.  4, 
a  low-temperature  foot  on  the  heat  front  was  postulated 
which  cannot  be  explained  with  a  simple  flux-limited  in¬ 
hibition  model.  At  A.=0.S3  /xm,  a  flux  limiter  of  />0. 1 
has  been  inferred.^  In  experiments  at  A.=0.3S/im, 
markedly  different  values  of  m  and  of  its  scaling  with  ab¬ 
sorbed  intensity  were  estimated  depending  on  whether 
they  were  inferred  from  charge-collector  or  time- 
integrated  x-ray  spectroscopy  measurements.^ 

This  broad  range  of  inferred  flux  limiters  from  ap¬ 
parently  similar  experiments  is  difficult  to  reconcile.  The 
inconsistency  could  be  due  to  differences  in  experimental 
parameters  such  as  laser  pulse  shape  and  irradiation 
geometry  and  uniformity.  Other  factors  such  as  the 
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shorter  scale  lengths  on  smaller  targets  and  the  onset  of 
resonant  absorption  at  higher  intensities  will  also  affect 
thermal  transport.  Further,  important  consideration  must 
be  given  to  the  influence  of  time-dependent  effects. 

In  this  paper  we  discuss  the  time  dependence  of  the 
mass-ablation  rate  and  its  scaling  with  ateorbed  intensity. 
In  Sec.  II  we  present  simulations  of  the  mass-ablation 
rate,  emphasizing  its  time  dependence  during  the  laser 
pulse.  This  is  followed  in  Sec.  Ill  with  our  experimental 
results  from  time-resolved  x-ray  spectroscopy. 

II.  COMPUTER  SIMULATIONS 
OF  THE  MASS-ABLATION  RATE 

Simulations  of  the  interaction  of  intense  3Sl-nm  laser 
radiation  with  spherical  targets  were  made  with  the  one- 
dimensioral  Lagrangian  code  LILAC.  ‘  In  the  simulations  a 
2.S  TW  peak  power,  600-ps  [full  width  at  half  maximum 
(FWHM)]  Gaussian  laser  pulse  was  tangentially  focused 
on  404-/um-diam  targets,  producing  an  average  incident 
intensity  of  /o  =  5x  lO'*  W/cm^  The  hydrocode  simula¬ 
tions  include  ray  tracing  using  the  azimuthally  averaged 
laser  spatial  profile,  radiation  transport  with  local  thermo¬ 
dynamic  equilibrium  (LTE)  opacities  and  heat  flux  as  the 
harmonic  mean  of  and  fq^.  Simulations  were  run  for 
a  variety  of  flux  limiters  ranging  from  /=0.02  to  0.4. 
From  these  code  calculations  we  can  obtain  the  instan¬ 
taneous  mass-ablation  rate  during  a  single  laser  pulse  as  a 
function  of  the  instantaneous  absorbed  intensity  as  refer¬ 
enced  to  the  original  target  diameter.  The  case  for  a  flux 
limiter  of  /  =0. 1  is  illustrated  in  Fig.  1  for  a  solid  glass 
sphere  and  a  6-/xm-thick  glass  shell  target.  The  mass- 
ablation  rate  was  determined  by  following  the  progress  of 
the  500-eV  isotherm  as  referenced  to  the  original  La¬ 
grangian  frame: 

m=p^r/tkT ,  (1) 

where  p  is  the  material  density,  and  Ar  is  the  thickness  of 
material  progressively  heated  to  J(X)  eV  in  a  time  Ar.  The 
SOO-eV  isotherm  was  chosen  as  a  characteristic  tempera- 
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AbMrbtd  Initniity  (W/cml) 


FIG.  1.  LILAC  simulation  for  the  in'.cantaneous  mass-ablation 
rate  [from  Eq.  (I)]  vs  the  instantaneous  absorbed  intensity  dur¬ 
ing  a  single  laser  pulse,  /o  =  5>:lO'*  W/cm^  /=0. 1  on 

404-/im-diam  glass  targets;  solid  target  ( - ),  6-fim  wall  shell 

target  ( - ).  Arrows  mark  lOO-ps  time  intervals  starting  at 

200  ps  code  time  and  P  denotes  the  peak  of  the  laser  pulse  at 
T73  ps. 


ture  for  Si  line  emission  in  the  2.0— 2.S  keV  range  which 
was  used  as  a  diagnostic  in  the  experiments  described 
later.  m(r)  derived  from  the  300-eV  or  1-keV  isotherms  is 
essentially  the  same  as  for  the  SOO-eV  isotherm,  with  peak 
values  occurring  marginally  earlier  and  later  in  time, 
respectively.  This  is  characteristic  of  the  steep  classical 
heat  front  in  the  overdense  material. 

The  noteworthy  features  of  the  curves  in  Fig.  1  are  (i) 
that  m  does  not  have  the  same  scaling  with  absorbed  in¬ 
tensity  (Z^)  on  the  rising  and  falling  edges  of  the  laser 
pulse  and  (ii)  that  the  peak  value  of  m  is  achieved  prior  to 
the  peak  values  of  both  the  incident  and  absorbed  intensi¬ 
ties.  These  features  are  even  more  pronounced  for  the 
case  of  an  imploding  glass  shell  target  as  compared  to  the 
solid  target.  A  similar  dependence  of  m  on  was  ob¬ 
served  in  simulations  with  other  flux  limiters  as  well  as 
for  targets  of  different  diameters  and  different  Z. 

In  a  genera]  sense,  an  empirical  mathematical  relation¬ 
ship  between  m  and  /p  is  valuable  for  understanding 
thermal  transport,  and  would  aid  laser  fusion  taij-' 
design.  However,  our  efforts  to  use  the  simulation;>  < 
generate  scaling  laws  of  the  form  m  oc/^A^  (as  in  Rel. 
1),  where  is  the  radius  of  the  S(X)-eV  isotherm,  have 
been  successful  only  for  individual  cases  and  then  only  for 
imploding-shell  targets.  On  solid  glass  spheres  the  excur¬ 
sion  of  Rjt  during  the  laser  pulse  may  range  up  to  30%  of 
the  initial  target  radius,  but  it  cannot  account  for  the  ob¬ 
served  decrease  in  m.  Larger  excursions  are  observed  for 
higher  intensity  laser  pulses  (5X 10*’ W/cm^)  and  for 
smaller  (200  /zm)  diameter  targets. 

At  A.  =  351  mn  the  predominant  absorption  mechanism 
is  inverse  bremsstrahlung  in  the  subcritical  region,  and  we 
can  define  an  energy  deposition  radius  Rp  as  the  weighted 
average  absorption  radius.  Typically  Rp  lies  between  the 
critical  and  quarter-critical  density  radii,  but  inside  the 
peak  temperature  {VT=0)  surface.  Defining 
All  =Ro—R^  as  the  separation  between  the  energy  depo¬ 


sition  and  ablation  surfaces,  we  find  the  scaling  laws  for 
glass  targets: 

m  <x  I°  'r  '/^R  “  for  /=0.02  , 

m  ^  for /=0.04  , 

and 

m  oc  °A/?  ”  for  /=0.4  . 

The  scaling  at  /=0. 1  is  similar  to  that  at  f =0.4.  The 
magnitude  of  AR  is  partially  dependent  on  the  size  and 
constituents  of  the  target.  For  moving-shell  targets  AR 
increases  monotonically  throughout  the  laser  pulse,  but 
for  solid  spheres  A/t  is  approximately  constant  after  the 
peak  of  the  laser  pulse.  We  also  note  that  AR  is  propor¬ 
tional  to  the  density  scale  length  Lp  at  Rp,  and  perhaps 
Lp  is  a  more  meaningful  parameter  for  the  scaling  laws, 
as  it  affects  energy  deposition  in  the  corona  directly. 
Another  factor  which  contributes  to  decreasing  m  is  the 
fact  that  the  fraction  of  the  absorbed  energy  deposited 
outside  the  VT=0  surface  increases  during  the  laser 
pulse. 

As  suggested  in  Ref.  1,  laser  energy  absorption  by  in¬ 
verse  bremsstrahlung  leads  to  reduced  m  and  reduced  ab¬ 
lation  pressure  compared  to  an  energy  dump  at  critical 
density.  More  of  the  laser  energy  is  dissipated  at  suberiti- 
cal  densities,  flowing  more  directly  into  blow-off  kinetic 
energy.  With  respect  to  the  above  scaling  laws,  inverse 
bremsstrahlung  implies  a  larger  A/t  since  /tp  is  greater 
than  the  critical-density  radius.  From  Ref.  1  we  note  that 
the  ablation  pressure  has  a  much  weaker  scaling  with  ra¬ 
dius  than  m  does,  and  our  simulations  do  show  that  the 
pressure  at  the  SOO-eV  isotherm  scales  with  on  both 
the  leading  and  trailing  edges  of  the  pulse  for  the  solid 
targets. 

In  light  of  the  above  simulations,  care  must  be  taken 
when  plotting  m  obtained  from  time-resolved  x-ray  spec¬ 
troscopy  versus  absorbed  intensity.  Using  a  pulse- 
averaged  1 4  will  result  in  an  underestimate  in  the  value  of 
mdji ).  To  avoid  such  problems  the  time-varying  values 
of  m  should  be  plotted  versus  the  instantaneous  value  of 
Ia- 

III.  EXPERIMENTS 

The  primary  diagnostic  for  our  mass-ablation  rate  mea¬ 
surements  was  time-resolved  x-ray  spectroscopy The 
experiments  were  carried  out  using  6  and  12  uv 
(A. =351  nm)  beams  of  the  OMEGA  laser  system  of  the 
Laboratory  for  Laser  Energetics  at  the  University  of  Ro¬ 
chester  at  incident  irradiances  of  /o  =  (l— 4) 
X  lO'^  W/cm^  The  laser  pulse  had  a  Gaussian  temporal 
profile  with  a  pulsewidth  of  600—750  ps  FWHM.  Two 
types  of  targets  were  used  in  these  studies.  One  set  con¬ 
sisted  of  empty  glass  microballoons  (~230/im  diameter) 
with  a  1.0-/xm-thick  wall.  These  shells  were  coated  with 
parylene  (CH)  (1.0— 8.0 /zm  thick)  and  then  overcoated 
with  a  150- A  layer  of  Au  to  provide  an  initial  x-ray  time 
marker.  The  Au  layer  thickness  was  increased  to  300  A 
for  the  12-beam  target  shots.  The  second  set  of  targets 
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were  solid  glass  spheres  ( ~2(X}  fxm  diameter)  coated  with 
three  layers:  1.5  fim  CH,  0.05  /rm  Al,  and  1.5  fim  CH." 

An  elliptically  curved  pentaerythritol  (PET)  crystal 
analyzer  was  used  to  disperse  the  x-ray  spectrum  (1.7— 2.7 
keV  range)  onto  the  slit  of  the  x-ray  streak  camera.  Spec¬ 
tral  and  temporal  resolutions  were  £‘/A£~600  and  15  ps, 
respectively.  Representative  perspective  plots  of  the  x-ray 
intensity  from  streak  records  for  6-  and  12-beam  shots  on 
the  imploding  targets  are  presented  in  Fig.  2  showing  the 
Au  A/-band  emission  and  the  Si  line  emission.  The  time 
of  occurrence  of  the  implosion  can  be  deduced  from  the 
peak  in  the  x-ray  continuum  emission.  This  x-ray  burst  is 
characteristic  of  the  higher  temperatures  and  densities 
achieved  during  the  stagnation  of  the  glass  shell  and  lasts 
~  1 50  ps.  The  mass-ablation  rate  through  the  CH  layers 
of  known  thickness  was  measured  from  the  time  delay  be¬ 
tween  the  start  of  the  Au  or  Al  line  emission  to  the  onset 
of  the  Si  emission  from  the  glass  substrate.  In  all  of  the 
target  shots  where  m  could  be  measured,  the  CH  layer  ab¬ 
lated  during  the  rising  edge  of  laser  pulse.  Thicker  CH 
layers  (6—8  ^m)  did  not  appear  to  bum  through  for  in¬ 
tensities  <3x  lO'^  W/cm^. 

In  order  to  construct  a  meaningful  plot  of  m  versus 
we  require  knowledge  of  the  absorbed  laser  intensity  dur¬ 
ing  the  CH  bumthrough  time  of  interest.  Since  we  could 


not  measure  directly  the  absorption  fraction  as  a  function 
of  time  nor  relate  the  x-ray  emission  to  the  incident  laser 
pulse,  7.4  (r)  was  inferred  from  careful  comparisons  of  the 
streak  data  with  the  LILAC  code  simulations.  We  assumed 
that,  if  the  overall  predicted  absorption  of  the  laser  energy 
agreed  with  the  experimental  measurement,  then  the  code 
could  be  relied  upon  to  predict  the  instantaneous  absorbed 
laser  intensity  during  the  pulse.  A  flux  limiter  of  / =0.04 
was  required  to  match  the  absorbed  fractions.  We  also  as¬ 
sumed  that  the  hydrodynamic  implosion  time  predicted 
by  the  code  for  the  shell  targets  was  correct.  Then,  by 
matching  the  predicted  and  experimental  implosion  times 
we  are  able  to  relate  the  x-ray  emission  on  the  streak 
record  to  the  incident  laser  pulse.  The  accuracy  of  equat¬ 
ing  the  implosion  times  was  checked  by  calculating  the 
predicted  absorbed  laser  energy  up  to  a  time  correspond¬ 
ing  to  the  onset  of  the  Au  emission  as  measured  on  the 
streak  record.  The  calculated  absorbed  laser  energy  was 
in  the  range  3.0  to  5.5  J,  Fig.  3,  and  corresponds  to  a  time 
window  of  ~80  ps.  Conservatively,  this  implies  a  l(X)-ps 
accuracy  in  our  timing  fiducial  technique.  By  including  a 
±50-ps  jitter  in  the  streak  record  timing  we  obtain  a  tim¬ 
ing  fiducial  with  150-ps  accuracy  for  the  solid  sphere  tar¬ 
gets. 

In  Fig.  4  we  present  the  scaling  of  the  measured  mass- 


implosion 


(a) 


Si  emission 


Au  emission 


.  ^  Si  1s-3p  (5.22  A) 

Si  1s2-ls3p  (5.68  A) 

Si  1s-2p  (6.18  A) 

Si  1s^-1s2p  (6.65  A) 


FIG.  2.  Perspective  plots  of  the  x-ray  intensity  as  recorded  by  the  streak  camera.  Correction  for  the  spectrometer  response  func¬ 
tion  would  increase  the  intensity  on  the  long-wavelength  side  by  40%.  (a)  150  A  Au  on  4  ftm  CH  on  1.0-/<m  glass  shell  target.  Diam¬ 
eter  is  229  /im  at  /o  =  2.8x  10''*  W/cm^  with  six-beam  irradiation,  (b)  3(X)  A  Au  on  3  /im  CH  on  l.0-/im  glass  shell  target.  Diameter 
is  289  fim  at  /o  =  4.2x  10'*  W/cm^  with  12-beam  irradiation. 
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1  10  100 
Absorbed  Energy  (J) 

FIG.  3.  Ablated  mass  vs  absorbed  energy  during  a  single 
laser  pulse  for  six-beam  irradiation  of  multilayer  targets.  Solid 
lines  are  LILAC  simulations  for  the  mass  outside  the  SOO-eV  iso¬ 
therm.  For  the  experimental  data  the  total  mass  outside  the 
glass  substrate  is  assumed  to  have  been  ablated.  Data  points  at 
~4  J  absorbed  energy  are  for  the  ablation  of  the  outer  Au  layer 
only. 


ablation  rate  as  a  function  of  the  average  absorbed  laser 
intensity  during  the  CH  bumthrough  interval;  is  de¬ 
rived  from  the  simulations  as  outlined  above.  We  also  in¬ 
clude  data  for  m  for  the  outer  CH  layer  on  the  solid  tar¬ 
gets  where  1 4  is  derived  using  3  J  of  absorbed  energy  for 
time  zero.  The  time-resolved  six-beam  data  is  in  excellent 
agreement  with  the  time-integrated  measurements  at 

=7.5  X  10'^  W/cm^,  which  was  measured  for  a  similar 
target  diameter  (Ref.  6).  The  scaling  of  m  with  1^  for 
six-beam  irradiation  and  <  lO'*  W/cm*  is  in  reason¬ 
able  agreement  with  code  predictions  although  the  magni¬ 
tude  of  m  is  ~2  times  higher  than  that  predicted  for 
uninhibited  transport  (/=0.4).  The  scaling  of  m  with 
derived  from  the  time-integrated  x-ray  spectroscopy  of 
Ref.  6  is  much  weaker  than  that  reported  here. 

A  possible  cause  for  the  discrepancy  between  the  mea¬ 
sured  and  calculated  values  of  m  could  be  the  known  vari¬ 


FIG.  4.  Mass-ablation  rate  versus  absorbed  intensity  at 

A. =0.35 1 /im.  Compilation  from  this  study  ( - I,  time- 

integrated  measurements  from  Ref.  6,  and  LILAC  simulations  at 
/  =0. 1  and  0.04  for  the  rising  edge  of  the  pulse. 


ances  in  the  intensity  distribution  across  the  surface  of  the 
target.'^’ These  have  been  estimated  using  a  three- 
dimensional  superposition  code  which  combines  the 
equivalent  target  plane  intensity  distribution  of  each  beam 
and  computes  a  spherical-harmonic  mode  decomposition 
of  the  intensity  distribution  on  the  target  surface.'*  An 
initial  assessment  of  the  irradiation  uniformity  with  six  uv 
(3SI-nm)  beams  of  OMEGA  indicates  an  overall  rms 
nonuniformity  of  —50%  in  the  lowest  30  /  modes. Al¬ 
ternatively  this  can  be  stated  as  a  few  percent  of  the  laser 
energy  is  absorbed  at  an  intensity  greater  than  three  times 
the  average  intensity.”  Further  characterization  of  the  ir¬ 
radiation  nonuniformities  is  obtained  from  x-ray  pinhole 
pictures  of  solid  high-Z  (Au)  targets  irradiated  with  six 
beams,  which  show  large-scale  intensity  variations  across 
the  target  surface.”  Time-resolved  imaging  of  the  x-ray 
emission  from  these  targets  has  also  confirmed  the  ex¬ 
istence  of  discrete  hot  spots.'*  Given  the  amount  of  ener¬ 
gy  in  the  hot  spots  and  the  sensitivity  of  our  diagnostic 
(Au  emission  is  detected  at  the  2%  of  the  total  absorbed 
energy  level  from  Fig.  3),  the  value  of  m  obtained  using 
time-resolved  spectroscopy  should  be  characteristic  of  the 
absorbed  intensity  in  the  hot  spots.  A  shift  of  our  experi¬ 
mental  points  in  Fig.  4  by  a  factor  of  3  in  results  in 
reasonable  agreement  with  code  predictions  for  /=0. 1. 
Under  the  assumption  that  the  laser  energy  distribution 
on  target  is  the  same  for  the  approximately  constant  di¬ 
ameter  targets  used  in  these  studies,  the  measured  scaling 
of  m  with  should  be  valid.  Similarly  the  discrepancy 
between  the  measured  and  calculated  values  of  the 
amount  of  mass  ablated  during  the  laser  pulse  in  Fig.  3 
can  be  attributed  to  the  bumthrough  of  only  small  areas 
of  the  CH  coating  corresponding  to  the  hot  spots  in  the  ir¬ 
radiation  pattern. 

With  12-beam  irradiation  the  illumination  uniformity 
should  be  improved  and  the  effects  of  hot  spots  on  the 
bumthrough  should  be  commensurately  less.  Experimen¬ 
tally  we  do  observe  a  significant  decrease  in  the  magni¬ 
tude  of  mil 4)  (see  Fig.  4).  Further  evidence  for  the  de¬ 
crease  in  m  with  the  more  uniform  12-beam  irradiation 
are  the  “bumthrough”  curves  presented  in  Fig.  5,  as  mea¬ 
sured  by  the  time-integrating  channel  of  the  x-ray  spec- 


CH^  L«y*f  Thiclin«M  (uin) 


FIG.  5.  “Bumthrough"  curves  for  CH  and  Au/CH  on  gla.ss 
targets  with  12-beani  irradiation  at  /g =4.0x10''*  W/cm'  for 
the  Si  Hca  ix)  and  Si  H^  (0)  x-ray  resonance  lines. 
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trometer.'®  Here  we  plot  the  absolute  energy  in  the 
ls^-lj2p  and  ls-3p^lines  as  a  function  of  CH  over¬ 
coat  thickness.  The  300-A  Au  layer  on  two  of  the  targets 
was  assumed  to  have  an  areal  mass  density  equivalent  to 
0.5  ^m  of  CH,  although  the  effective  thickness  of  the  Au 
layer  is  greater  than  this  due  to  radiation  cooling  in  the 
higher-Z  material.  The  projected  bumthrough  thickness 
of  <5  iim  of  CH  is  much  less  than  the  9  fxm  of  CH  inter¬ 
polated  at  /o  =  3xlO'^  W/cm*  from  the  six-beam  data 
(Ref.  6).  This  difference  cannot  be  accounted  for  strictly 
by  the  difference  in  bumthrough  depth  between  shells  and 
solids,  nor  by  the  presence  of  the  thin  Au  layer  on  the  out¬ 
side  of  the  targets  used  in  these  experiments.  Although 
we  have  not  investigated  a  very  large  range  of  absorbed 
intensities  with  12-beam  irradiation,  it  is  our  contention 
that  the  scaling  of  m  with  would  be  the  same  as  for 
the  time-resolved  six-beam  data. 

Although  we  do  not  have  any  direct  measurements  of 
the  mass-ablation  rate  on  the  trailing  edge  of  the  laser 
pulse,  we  do  not  observe  any  Si  line  emission  on  the  streak 
records  for  the  six-beam  shots  on  targets  with  6-  and  8- 
/xm-thick  overcoats  of  CH.  This  is  consistent  with  the 
predicted  decrease  in  m  staning  before  the  peak  of  the 
laser  pulse  as  illustrated  in  Fig.  1.  Using  the  timing  Fidu¬ 
cial  method  outlined  above  we  estimate  that  the  onset  of 
the  Si  line  emission  for  a  target  with  a  4-/xm  CH  overcoat 
occurs  ~  50  ps  before  the  peak  of  the  laser  pulse.  If  there 
had  been  a  symmetric  scaling  of  m  with  1 4  on  the  leading 
and  trailing  edges  of  the  pulse,  surely  we  would  have  ob¬ 
served  the  Si  line  emission  from  the  targets  with  the 
thicker  CH  coatings.  In  addition,  if  we  extrapolate  the 
experimental  data  in  Fig.  3  to  the  mass  of  these  CH 
layers,  the  absorbed  laser  energy  on  these  target  shots  was 
sufficient  to  produce  some  Si  line  emission. 

Consideration  must  also  be  given  to  the  probability  of 
lateral  thermal  smoothing  of  the  hot  spots  in  the  intensity 
distribution  on  the  target  which  appear  to  dominate  the 
bumthrough  and  m  measurements  with  six-beam  irradia¬ 
tion.  The  amount  of  smoothing  depends  on  the  fractional 
separation  distance  ^R/Rq,  where  Rq  is  the  target  ra- 
dius.'^’**  For  the  imploding  targets  used  in  this  study,  the 
value  of  AR  /Rq  is  ~0.2  at  the  peak  of  the  laser  pulse.  A 

‘Permanent  address:  Lawrence  Berkeley  Laboratory,  University 
of  California,  I  Cyclotron  Road.  Berkeley,  CA  94720. 

'C.  E.  Max,  C.  F.  McKee,  and  W.  C.  Mead,  Phys.  Fluids  23, 
1620  (1980). 

^T.  J.  Goldsack,  J.  D.  Kilkenny.  B.  J.  MacGowan,  P.  F.  Cun¬ 
ningham,  C.  L.  S.  Lewis,  M.  H.  Key,  and  P.  T.  Rumsby, 
Phys.  Fluids  25.  1634(1982). 

^J.  A.  Tarvin,  W.  B.  Fechner,  J.  T.  Larsen,  P.  D.  Rockett,  and 
D.  C.  Slater,  Phys.  Rev.  Lett.  51,  1355  (1983). 

•*B.  Yaakobi,  J.  Delettrez,  L.  M.  Goldman.  R.  L.  McCrory,  R. 
Maijoribanks,  M.  C.  Richardson.  D.  Shvarts,  S.  Skupsky,  J. 
M.  Soures,  C.  Verdoii,  D.  M.  Villcneuve,  T.  Boehly,  R. 
Hutchinson,  and  S.  Letzring,  Phys.  Fluids' 27,  516  (1984). 

5a.  Hauer,  W.  C.  Mead,  O.  Willi.'j.  D.  Kilkenny,  D.  K.  Brad¬ 
ley,  S.  D.  Tabaiabaei,  and  C.  Hixiker,  Phys.  Rev.  Lett.  53, 
2563(1984). 

*B.  Yaakobi,  O.  Bamouin,  J.  Delettrez,  L.  M.  Goldman,  R. 
Maijoribanks.  R.  L.  McCrory,  M.  C.  Richardson,  and  J.  M. 


value  of  —0.3  is  predicted  at  the  peak  of  the  laser  pulse 
for  the  90-^m-diam  targets  irradiated  at  lO'*  W/cm^  in 
Ref.  6.  It  is  suggested  that  the  lower  scaling  of  m  with 
I4  in  Ref.  6  is  the  result  of  thermal  smoothing.  This 
smoothing  decreases  the  magnitude  of  m  to  a  level  more 
characteristic  of  the  average  intensity  on  target. 

IV.  CONCLUSION 

The  measurement  of  the  mass-ablation  rate  in  spherical 
geometry  with  short-wavelength  lasers  in  influenc^  signi¬ 
ficantly  by  time-dependent  effects  during  the  laser  pulse.'’ 
The  transport  of  thermal  energy  and  therefore  m  is  affect¬ 
ed  by  the  increasing  separation  between  the  energy  deposi¬ 
tion  and  ablation  surfaces.  Irradiation  nonuniformities 
also  have  a  significant  effect  on  x-ray  spectroscopic  mea¬ 
surements  of  the  mass-ablation  rate  since  the  bumthrough 
seems  to  be  dominated  by  hot  spots.  Our  experimental 
measurements  of  m  are  in  agreement  with  code  predic¬ 
tions  for  the  scaling  of  m  with  on  the  rising  edge  of 
the  laser  pulse  as  shown  in  Fig.  4;  only  indirect  evidence  is 
presented  foi  lower  values  of  m  on  the  trailing  edge  of  the 
laser  pulse. 

ACKNOWLEDGMENTS 

We  acknowledge  useful  discussions  with  Dr.  R.  Ep¬ 
stein,  Dr.  L.  Goldman,  Dr.  A.  Hauer,  Dr.  R.  L.  McCro¬ 
ry,  Dr.  J.  M.  Soures,  Dr.  S.  Skupsky,  and  Dr.  B.  Yaakobi 
and  the  technical  support  of  Dr.  S.  A.  Letzring,  G.  Gre¬ 
gory,  and  the  OMEGA  operations  group.  This  work  was 
supported  by  the  U.  S.  Department  of  Energy  Office  of 
Inertial  Fusion  under  Agreements  No.  DE-A508- 
82DP40175  and  No.  DE-FC08-85DP40200  and  by  the 
Laser  Fusion  Feasibility  Project  at  the  Laboratory  for 
Laser  Energetics  which  has  the  following  sponsors:  Em¬ 
pire  State  Electric  Energy  Research  Corporation,  General 
Electric  Company,  New  York  State  Energy  Research  and 
Development  Authority,  Northeast  Utilities  Service  Com¬ 
pany,  Ontario  Hydro,  Southern  California  Edison  Com¬ 
pany,  The  Standard  Oil  Company,  and  the  University  of 
Rochester. 


Soures,  J.  Appl.  Phys.  57, 4354  (1985). 

’R.  C.  Malone,  R.  L.  McCrory,  and  R.  L.  Morse,  Phys.  Rev. 
Lett.  34,  721  (1975). 

*For  descriptions  of  earlier  versions  of  LILAC,  see  E.  B.  Gold¬ 
man,  Laboratory  for  Laser  Energetics  Report  No.  16  (unpub¬ 
lished);  J.  Delettrez  and  E.  B.  Goldman,  Laboratory  for 
Laser  Energetics  Report  No.  36  (unpublished). 

^B.  L.  Henke,  H.  T.  Yamada,  and  T.  J.  Tanaka,  Rev.  Sci.  In- 
strum.  54,  1311  (1983). 

'‘’B.  L.  Henke  and  P.  A.  Jaanimagi,  Rev.  Sci.  Insirum  56,  1 537 
(1985). 

"The  CH/AI/CH  solid-sphere  targets  were  supplied  as  part  of 
a  collaborative  effort  on  thermal  transport  with  Los  Alamos 
National  Laboratory  (LAND. 

"M.  C.  Richardson,  S.  Skupsky,  J.  M.  Soures,  W.  Lampeter,  S. 
Tomer,  R.  Hutchison,  M.  Dunn,  and  W.  Beich,  Conference 
on  Lasers  and  Electro-optics,  1984,  Technical  Digest  (unpub¬ 
lished). 


34 


TEMPORAL  DEPENDENCE  OF  THE  MASS-ABLATION  RATE  IN  .  . . 


1327 


'^Laboratory  for  Laser  Energetics,  Quarterly  Report  No.  23, 
198S  (unpublished). 

'*M.  C.  Richardson,  S.  Skupsky,  J.  Kelly,  L.  Iwan,  R. 
Hutchison,  R.  Peck,  R.  L.  McCrory,  and  J.  M.  Soures,  Proc. 
SPIE  380,  473(1983). 

'^S.  Skupsky  (private  communication). 

'*S.  A.  Letzring,  M.  C.  Richardson,  P.  D.  Goldstone,  G.  Gre¬ 
gory,  and  G.  Eden,  Bull.  Am.  Phys.  Soc.  29,  1318  (1984). 

'^S.  E.  Bodner,  J.  Fusion  Energy  1,  221  (1981). 

'•S.  Skupsky,  R.  L.  McCrory,  R.  S.  Craxton,  J.  Deleitrez,  R. 


Epstein,  K.  Lee,  and  C.  Verdon,  in  Laser  Interaction  and  Re¬ 
lated  Plasma  Phenomena,  edited  by  H.  Hora  and  G.  H.  Miley 
(Plenum,  New  York,  1984),  Vol.  6,  p.  751. 

•’The  authors  thank  W.  C.  Mead  of  LANL  for  bringing  to  our 
attention  a  figure  which  he  presented  at  the  1984  Annual 
Meeting  of  the  Division  of  Plasma  Physics,  Bull.  Am.  Phys. 
Soc.  29,  1380  (1984),  which  indicated  a  rollover  in  m  in  simu¬ 
lations  of  experiments  with  Gaussian-shaped  pulses  at 
A.=  I  /rm. 


U.  TECHNICAL  NOTES:  A  SEMI - EMPIRICAL  DESCRIPTION  OF  THE 
LOW-ENERGY  X-RAY  INTERACTIONS  WITH  CONDENSED  MATTER  - 
PHOTOABSORPTION,  SCATTERING,  SPECUIAR  AND  BRAGG  REFLECTION 


For  x-rays  of  photon  energies  in  Che  100-10,000  eV  region  (but  not 
near  the  absorption  edge  energy)  we  have  demonstrated  that  accurate 
calculations  for  absorption  and  scattering  within  condensed  matter  can 
be  made  based  upon  the  atomic  scattering  factors  (-fj  +  if2)  for  the 
atoms  comprising  Che  systems  (e.g.  for  the  photon  energy  response  of 
filters,  mirrors,  multilayers  and  crystals). 

The  atomic  scattering  factors  are  derived  using  the  Kramers -Kronig 
relations  and  the  available  experimental  photoabsorption  data  (and  by 
interpolating  these  data  using  normalized  theoretical,  Hartree-Slater 
segments) . 

The  calculational  approach  of  describing  x-ray  interactions  within 
condensed  matter  as  scattering  by  a  system  of  atoms  seems  to  complement 
well  chat  of  Che  boundary  value,  E&M  solutions  e.g.  for  multilayer 
characterization  based  upon  the  optical  constants  of  the  materials.  Our 
analytical  descriptions  often  have  the  advantages,  however,  of 
computational  simplicity,  speed  and  flexibility.  Presented  here 
brief  outline  of  this  approach. 

To  illustrate  our  atomic  scattering  description  of  a  phot 
interaction  within  condensed  matter  we  consider  the 
reflection-absorption-scattering  of  an  x-ray  beam  incident  at  angl'' 
upon  a  slab  consisting  of  N  layers  of  atoms  or  of  unit  cells  cf 
scattering  factor,  fj  +  lf2.  or  unit  cell  structure  factor,  Fj  +  iF^, 
respectively.  Following  the  method  of  Darwin  we  write  Che  equations 
relating  the  total  downward  amplitudes  and  upward  amplitudes  that  must 
obtain  for  any  two  successive  layers  within  the  slab  and  which 
dynamically  are  the  sums  of  Che  amplitudes  of  all  possible  multiple 
reflections  and  transmissions.  The  resuting  difference  equations  are 
presented  in  Fig.  1. 

In  (4)  we  have  derived  a  modification  of  the  Oarwin-Prins  solution 
of  these  equations  (for  the  case  of  an  ideal,  infinitely  chick 
multilayer  system)  giving  Che  reflected  and  transmitted  beams  for  a 
finite  number  of  levers.  The  resulcir.g  reflected  amplitude  for  small 
grazing  angles  of  incidence  accurately  corresponds  to  the  E&M  Fresnel 
Eq.  prediction  when  the  refractive  index  unit  decrements,  h  and  $,  are 
related  to  Che  average  atomic  scattering  factor,  f|  *■  ifj,  as  noted  in 
Fig.  2.  For  large  angle  reflection  from  a  periodic  multilayer,  we 
obtain  Che  Bragg  reflected  amplitude  equation  as  a  function  of  the 
Darwin-Prins  infinite  crystal  reflected  ratio,  Sg/Tg,  and  of  an  analytic 
parameter,  x,  chat  is  also  simply  defined  in  terms  of  the  atomic 
scattering  factors.  This  modified  Oarvin-Prins  (MDP)  result  is  also 
given  in  Fig.  2.  The  result  predicts  exactly  that  obtained  by  optical 


EiM  (OEM)  solution  when  the  layers  are  described  by  their  optical 
constants,  5  and  using  relations  as  those  noted  in  Fig.  2. 

In  Fig.  3  we  present  the  prediction  of  our  MDP  (4)  result  for  the 
transmitted  beam  for  normal  incidence  and  through  a  uniform  slab  of 
atoms  of  atomic  photoabsorption  cross-section,  ,  in  order  to  obtain 
the  relation  between  the  atomic  scattering  and  the  photoabsorption  cross 
section.  We  find  that  the  only  effect  of  the  real  part  of  the  atomic 
scattering  factor,  f  j ,  is  to  establish  the  phase  of  the  transn.il  ted 
amplitude  and  we  obtain  the  important  relation  between  the  imagina.v 
part,  £2,  and  the  atomic  photoabsorption  cross  section,  that  is 

presented  in  Fig.  3. 

In  establishing  our  atomic  scattering  tables  we  obtain  the  f^ 
values  from  the  experimental  transmission  measurements  of  absorption 
using  uniform  foil  systems.  It  is  important  to  note  that  if  the 
absorbers  are  not  unlforn,  the  transmitted  intensity  is  a  function  of 
both  fj  and  fj  and  it  is  not  po.ssible  to  deduce  f^  by  i.  transmission 
measurement  as  suggested  in  tig.  3. 

We  determine  the  f^  atomic  scattering  factors  for  zero-angle 
scattering  by  the  Kramers -Kronig  relations  that  may  be  written  as  shown 
in  Fig.  4  and  are  also  defined  in  terms  of  our  compiled  and  interpolated 
absorption  cross  sections,  /i, .  For  large  angle  scattering,  we  must  take 
into  account  the  phase  differences  of  the  electronic  scatt<>ring  from 
different  regions  of  Che  atomic  electron  distribution,  i.e.  we  must  muke 
a  form-factor  correction  to  our  tabulated  f,  values.  We  have  shown  that 
this  can  be  simply  and  accurately  accomplished  as  suggested  in  Fig.  b 

An  important  test  of  the  accuracy  of  this  relatively  simple 
semi -empirical  approach  for  obtaining  the  atomic  scattering  factors  is 
presented  in  Figs.  6  through  9.  Here  we  compare  our  values  of  fj 
determined  semi 'empirical ly  using  the  Kramers - Kronig  model  and  measured 
phoCoabsorption  cross  sectionj  (using  neon  gas  and  solid  carbon  films 
absorbers)  to  values  determined  by  the  nearly  exact  S-matrix  theory 
(by  expensive,  large  computer  calculation).  These  are  given  for  both  0* 
and  90*  scattering  angles. 

Finally  it  is  important  to  point  out  that  our  atomic  abso-ption 
and  scattering  cross  sections  cannot  be  expected  to  lead  to  accurate 
descriptions  of  absorption,  scattering  and  relfection  by  condensed 
matter  using  semi -empirical  approach  outlined  above  if  the  atoms  within 
the  condensed  matter  arc  not  scattering  'atomic  - 1  ike** .  Generally,  this 
atomic- like  character  is  preserved  within  condensed  matter  except  for 
photon  energies  below  about  100  eV  or  photon  energies  very  close  to 
absorption  thresholds  for  which  chemical  or  solid  state  effects  become 
significant.  Examples  of  comparisons  of  atomic  vs  condensed  matter 
photoabsorption  at  the  lower  energies  are  shown  in  Figs  10. 

It  has  been  five  years  since  we  havu  developed  our  absorption  and 
scattering  cross  section  tables  (Vol .  27  of  AONDT-1982)  and  we  are  now 


revising  these  as  based  upon  additional  measured  absorption  coefficients 
of  the  past  five  years.  We  are  comparing  our  present  absorption  files 
to  the  current  measured  data  base  and  to  the  best  available  theory. 
Examples  of  such  comparisons  are  shown  in  Figs.  11  and  12. 

We  will  continue  to  make  available  to  the  scientific  community  the 
fine-spaced  versions  of  our  absorption  and  scattering  factor  tables  on 
convenient  floppy  disks.  Descriptions  of  their  formats  are  attached 
here . 
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The  Atomic  Scattering  Factor,  fl+i*f2,  for  94  Elements  and 
for  the  100  to  10,000  eV  Photon  Energy  Region  (*) 

B.  L.  Henke,  H.  T.  Yamada,  and  J.  Y.  Uej  io 

Center  For  X-Ray  Optics,  Lawrence  Berkeley  Laboratory 


In  a  recent  work  (1),  a  "state  of  the  art"  evaluation  and  fitting  of  the 
best  available  experimental  and  theoretical  photoabsorption  cross  sections  has 
been  presented  for  the  30  to  10,000  eV  region.  Using  the  quantum  dispersion 
relatione,  the  atomic  scattering  factors  were  uniquely  determined  from  the 
photoabsorption  cross  section  data  for  the  low-energy  x-rays.  In  Ref.  1,  the 
original  data  were  given  at  fifty  laboratory  wavelengths  along  with 
compilation  references  and  a  description  of  the  fitting  procedures.  Presented 
here  are  the  fl  and  f2  values  which  have  been  interpolated  at  regular 
intervals.  The  tables  of  the  fl  value  have  been  extended  from  2  keV  to  10  keV 
by  Auerbach  et  al .  (2)  who  have  applied  the  numerical  integration  procedures 
and  the  higher  energy  photoabsorption  compilation  as  described  in  ref.  1. 

For  these  shorter  wavelengths,  it  is  very  important  to  use  the  atomic  form 
factor  correction,  as  desribed  below. 

As  discussed  recently  by  Henke  (3,4),  the  fl  and  f2  parameters  may  be 
applied  to  calculate  the  low-energy  x-ray  interactions- -absorption, 
scattering,  specular  and  Bragg  reflection. 

The  corresponding  value  for  the  photoabsorption  cross  section  is  related 
to  f2  by  E*mu(E)-K*f2 .  (The  data  file  contains  K  values.)  For  E*mu(E)  in 
eV-barns/atom  units,  K  is  equal  to  6.987E+07  for  all  atoms. 

For  the  shorter  wavelengths  and  for  the  larger  angles  of  scattering,  the 
accuracy  of  these  atomic  scattering  factors  might  be  improved  by  the  inclusion 
of  two  small  correction  terms  for  relativistic  and  charge  distribution 
effects.  Such  corrections  can  become  of  relative  importance  when  the 
magnitude  of  the  scattering  factor  has  been  appreciably  reduced  by  anomalous 
dispersion.  As  is  discussed  in  Refs.  1  and  3,  the  modified  scattering  factor 
becomes  simply 

f  -  fl  -  delta  f  sub  r  -  delta  fO  +  i*f2, 
where  the  relativistic  correction,  delta  f  sub  r,  is  equal  to 
(5/3)*ABS(E(tot) )/(m*c**2)  ,  which  has  been  tabulated  by  Cromer  and 
Liberman  (5)  for  Z-3  to  Z-98;  and  the  charge  distribution  correction,  delta  fO 
is  equal  to  (Z  -  fO)  ,  where  fO  is  the  atomic  form  factor  which  recently  has 
been  tabulated  as  a  function  of  (sin(theta)/lambda)  by  Hubbell  and  Overbo  (6). 
(note  that  theta(Hubbell)  —  2*theta(Henke) . )  For  (sin(theta)/lambda)  less 
than  or  equal  to  .05  A**-l,  fO  is  approximately  equal  to  Z,  and  for 
(sin(theta)/lambda)  approximately  equal  to  0.1  A**-l,  fO  is  approximately 
0.9*Z  for  most  elements.  An  estimate  of  the  value  for  the  relativistic 
correction,  delta  f  sub  r,  may  be  given  by  (1,3) 
delta  f  sub  r-5/3*(E(tot)/ra*c**2) 

-2.19E-06*Z**3  +  1.03E-04*Z**2 


The  data  are  presented  here  at  285  values  of  photon  energy,  E  (eV) .  The 
scattering  factor  data  are  stored  as  REAL*4  values  in  an  unformatted  FORTRAN 
direct  access  file  called  "F12C.DAT"  which  contains  570  records,  each  95 
double  words  (one  double  word  is  4  bytes)  long.  If  data  for  the  element  with 
atomic  number  Z  is  desired,  then  the  first  ninety- five  fl  values  are  located 


in  record  6Z+1 ,  the  second  ninety- five  are  located  in  record  6Z+2 ,  and  the 
remaining  ninety  five  are  located  in  record  6Z+3;  f2  data  are  similarly  found 
in  records  6Z+4,  6Z+5,  and  6Z+6.  The  energies  associated  with  the  fl  and  f2 
values  are  located  in  the  first  three  records  of  the  file  (stored  as  REAL*4 
values)  . 

The  following  useful  quantities  are  contained  in  a  second  direct  access 
file  "INDEX.DAT": 

1.  atomic  number  of  element  (INTEGER*2) 

2.  chemical  symbol  of  element  (INTEGER*2) 

3.  atomic  weight  (REAL*4) 

4.  K  (energy*mu/f2  in  eV*cm**2/gram)  (REAL*4) 

5.  mu(barns/atom)/mu(cm**2/gram)  (REAL*4) 

Where  the  record  number  is  the  same  as  the  atomic  number. 

The  data  is  divided  between  records  in  such  an  unusual  fashion  because 
certain  file  transfer  utilities  place  a  limit  on  the  record  size.  For  an 
RT-11  system  or  if  the  file  transfer  routine  permits  records  that  are  2280 
bytes  long,  the  file  may  be  treated  as  95  records  that  are  all  570  double 
words  long,  in  this  case,  the  energies  are  found  in  record  1;  for  atomic 
number  Z,  the  fl  values  are  found  in  record  Z+1,  followed  by  the  f2  values, 
found  in  record  2*Z+1 . 

I 

The  file  "F12SUB.F0R"  contains  two  subroutines  that  the  user  may  find 
useful.  The  file  "F12RT.F0R"  contains  the  same  subroutines  as  "F12SUB . FOR" , 
but  in  a  format  that  more  convenient  for  RT-11  system  (see  the  preceeding 
paragraph).  "INTRAC.FOR"  contains  a  program  that  will  print  a  table  of  fl  and 
f2  values  for  a  given  element.  For  more  details,  see  the  program  listings. 

The  RSX-11  and  VMS  operating  systems  require  input  files  to  be  in  the 
FILES -11  format.  Hence  it  is  necessary  to  convert  the  files  on  the  library 
data  floppy  disk  to  this  format  as  they  are  read  in  on  a  RX02  floppy  disk 
device.  The  file  transfer  utility  FLX  is  used.  This  utility  is  described  at 
length  in  the  RSX-11  and  VAX/VMS  reference  manuals  so  only  the  appropriate 
commands  will  be  described  here.  After  starting  FLX  you  will  be  prompted  for 

a  command  with  the  letters  FLX>.  For  the  example  it  is  assumed  that  the 

floppy  is  mounted  on  device  DYl:  and  the  files  will  be  read  in  onto  the  user's 
disk.  After  allocating  and  mounting  the  disk  use  the  following  commands; 
FLX>DY1:/RT/LI>  This  will  list  the  files  on  the  disk.  Except  for  F12C.DAT, 
and  INDEX.DAT  all  files  are  formatted  ASCII.  Let  NAME.TXT  be  a  sample  ASCII 
file  name,  then  each  ASCII  file  is  read  in  with  the  command; 

FLX>— DYl ; NAME . TXT/RT .  The  data  library  file  is  read  in  with  the  the  command; 

FLX>— DYl ; F12C . DAT/RT/IM; 380 .  (Note  the  decimal  point  in  380.  Absolutely 
mandatory).  Similarly,  FLX>-DY1 : INDEX. DAT/RT/IM:  16 .  will  read  "INDEX.DAT". 

Please  note;  These  photoabsorption  data  and  the  associated  derived 
(Kramers-Kronig)  atomic  scattering  factors  are  for  free  neutral  atoms. 
Nevertheless,  for  photon  interactions  at  energies  sufficiently  outside 
the  absorption  threshold  regions,  condensed  matter  can  be  modeled  as  a 
collection  of  free  atoms  and  these  atomic  data  may  be  applied  to  predict 
condensed  matter  absorption  and  scattering.  In  the  threshold  regions, 
however,  these  processes  may  be  strongly  affected,  for  example,  by  the 
chemical  or  solid  state  and  their  description  must  then  be  by  direct 
experimental  measurement  upon  specific  systems  (typically  using  synchrotron 
radiation  sources).  Accordingly,  we  have  been  able  to  accurately  fit 
experimentally  measured,  low  energy  x-ray  small  angle  reflection  from 
optically  smooth  surfaces  of  many  materials  using  the  Fresnel  relation 
and  optical  constants  derived  from  these  free  atom  scattering  factors -- 
except  at  photon  energies  near  thresholds . 


Finally,  we  remind  the  user  that  these  tables  are  based  upon  "state 
of  the  art"  compilations  of  experimental/theoretical  photoabsorption  data 
(to  1982).  To  improve  their  accuracy,  considerably  more  experimental 
photoabsorption  data  is  needed.  The  authors  would  like  to  strongly  urge 
all  user  groups  who  can  carry  out  photoabsorption  measurements  to  devote 
some  of  their  effort  to  meet  this  important  need. 


(*)  The  data  on  this  disk  are  taken  from  the  Monterey  Conference  Proceedings 
appendix  (see  references  3  and  4);  however,  the  fl-f2  data  as  originally 
presented  in  the  Monterey  Conference  Proceedings  have  been  re-evaluated 
and  some  small  improvements  in  the  fittings  have  been  included  here  in  the 
photon  energy  region  below  about  300  eV  for  26  elements  as  based,  in  part, 
upon  newly  acquired  photoabsorption  data.  The  data  are  identical  with  the 
data  in  the  report  "On  the  Prediction  and  Application  of  Low  Energy  X-ray 
Interactions"  (unpublished) . 

(1)  "Low  Energy  X-Ray  Interaction  Coefficients:  Photoabsorption,  Scattering 
and  Reflection,"  B.  L.  Henke,  P.  Lee,  T.  J.  Tanaka,  R.  L.  Shiraabukuro  and 
B.  K.  Fujikawa,  Atomic  Data  and  Nuclear  Data  Tables  Vol .  27,  (1982). 

(2)  The  calculations  for  fl  have  been  extended  into  the  2000-10,1000  eV 
region  at  the  Lawrence  Livermore  National  Laboratory- -  see  UCRL  Report  No. 
91230  by  J.  M.  Auerbach  and  K.  G.  Tirsell. 

(3)  "Low  Energy  X-Ray  Interactions:  Photoionization,  Scattering,  Specular  and 
Bragg  Reflection,"  B.  L.  Henke,  AIP  Conference  Proceedings  No.  75,  Low 
Energy  X-Ray  Diagnostics-1981,  Monterey  (American  Institute  of  Physics, 

New  York,  1981) . 

(4)  "Low  Energy  X-ray  Spectroscopy  with  Crystals  and  Multilayers,"  B.  L. 

Henke,  AIP  Conference  Proceedings  No.  75,  Low  Energy  X-Ray 
Diagnostics-1981,  Monterey  (American  Institute  of  Physics,  New  York, 

1981) . 

(5)  D.  T.  Cromer  and  D.  Liberman,  J.  Chem.  Phys .  53,  1891  (1970). 

(6)  J.  H.  Hubbell  and  I.  Overbo,  J.  Phys.  Chem.  Ref.  Data  8,  69  (1979). 
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These  data  are  presented  at  288  uniformly  spaced  values  of 
photon  energy,  E(eV) ,  in  three  logarithmically  spaced  regions 
40  points  between  30  and  100  eV  (El) ;  124  points  between  100 
and  2,000  eV  (E2);  and  124  points  between  2,000  and  10,000  eV 
(E3) .  [1]  The  energy  intervals  are  calculated  using  the  fol¬ 
lowing  formulae; 

E1-INT(30*10"(N*LOG10(100/30)/40) 

E2-INT(  100*10"  (N*LOG10(2000/100)/124) 
E3-INT(2000*10"(N*LOG10(10000/2000)/124) 

Where  N  is  the  index  for  the  point  number. 


The  mass  absorption  coefficients  are  stored  as  REAL*4  values 
in  an  unformatted  FORTEIAN  direct  access  file  called  "EMU. DAT" 
which  contains  97  records,  each  288  double  words  (4  bytes)  long. 
(In  BASIC,  the  file  is  dimensioned  (96,287).)  The  element  names 
are  located  in  the  first  record,  the  atomic  weights  in  the  second 
record,  the  energies  in  the  third  record,  and  the  mass  absorption 
coefficients  for  the  94  elements  in  records  four  thru  97. 


Also  on  the  disk  are  two  sample  FORTRAN  programs  ELENMU.FOR 
and  MOLEMU.FOR  and  cheir  executable  *.SAV  versions.  ELENMU.FOR 
lists  the  energy  and  mass  absorption  coefficients  for  an  element 
MOLEMU.FOR  creates  a  new  file  or  lists  an  existing  file  of  mass 
absorption  coefficients  for  a  given  molecule.  The  created  file 
contains  2  records  each  288  double  words  long.  Further  descriptions 
of  these  programs  can  be  found  in  their  respective  listings. 


NOTE:  The  FORTRAN  programs  ELENMU.FOR  and  MOLEMU.FOR  are  written 

in  FORTRAN  IV  for  the  PDP-11  system. 


Please  note:  These  photoabsorption  data  and  the  associated  derived 
(Kramers -Kronig)  atomic  scattering  factors  are  for  free  neutral  atoms. 
Nevertheless,  for  photon  interactions  at  energies  sufficiently  outside 
the  absorption  threshold  regions,  condensed  matter  can  be  modeled  as  a 
collection  of  free  atoms  and  these  atomic  data  may  be  applied  to  predict 
condensed  matter  absorption  and  scattering.  In  the  threshold  regions, 
however,  these  processes  may  be  strongly  affected,  for  example,  by  the 
chemical  or  solid  state  and  their  description  must  then  be  by  direct 
experimental  measurement  upon  specific  systems  (typically  using  synchrotron 
radiation  sources).  Accordingly,  we  have  been  able  to  accurately  fit 


cvperitnenCal  ly  measured,  low  energy  x-ray  small  angle  reflection  from 
optically  smooth  surfaces  of  many  materials  using  the  Fresnel  relation 
and  optical  constants  derived  from  these  free  atom  scattering  factors- - 
except  at  photon  energies  near  thresholds. 

Finally,  we  remind  the  user  that  these  tables  are  based  upon  "state 
of  the  art"  compilations  of  experimental/theoretical  photoabsorption  data 
(to  1982).  To  improve  their  accuracy,  considerably  more  experimental 
photoabsorption  data  is  needed.  The  authors  would  like  to  strongly  urge 
all  user  groups  who  can  carry  out  photoabsorption  measurements  to  devote 
some  of  their  effort  to  meet  this  important  need. 


[1)  This  finely  spaced  data  is  equivalent  to  that  found  in  "Low- 
Energy  X-Ray  Interaction  Coefficients;  Photo -Absorption , 
Scattering,  and  Reflection",  B.  L.  Henke,  P.  Lee,  T.  J.  Tanaka, 
R.  L.  Shimabukuro  and  B.  K.  Fujikawa,  Atomic  Data  and  Nuclear 
Data  Tables,  Vol.  27  (January  1982). 


J 


4 


r 

f 


APPENDIX  3 


LISTING  OF  REPORTS  AND  PUBLICATIONS  FOR  THIS  PROGRAM  ON 
LOW  ENERGY  X-RAY  PHYSICS  AND  TECHNOLOGY 


Ai)iH  ii<J  i  y.  i 

RESEARCH  PUBLICATION  BY  B.L.  HENKE 
AND  CO-WORKERS  ON  THIS  RESEARCH  PROGRAM 
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9.  "High  Resolution  Microradiography,"  Technical  Report  No.  2,  AFOSR 
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10.  "Ulcrasoft  X-Ray  Interaction  Coefficients,"  Technical  Report  No.  3, 

AFOSR  TN-59-895,  August  1959. 

11.  ".X-Ray  Microscopy,"  Technical  Report  No.  A,  AFOSR  AF  49  (638)-394, 
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